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Abstract 
Thin film on substrate systems appear most prevalently within the microelectronics 
industry, which demands that devices operate in smaller and smaller packages with greater 
reliability.  The reliability of these multilayer film systems is strongly influenced by the adhesion 
of each of the bimaterial interfaces.  During use, microelectronic components undergo thermo-
mechanical cycling, which induces interfacial delaminations leading to failure of the overall 
device.  The ability to tailor interfacial properties at the molecular level provides a mechanism to 
improve thin film adhesion, reliability and performance.  This dissertation presents the 
investigation of molecular level control of interface properties in three thin film-substrate 
systems: photodefinable polyimide films on passivated silicon substrates, self-assembled 
monolayers at the interface of Au films and dielectric substrates, and mechanochemically active 
materials on rigid substrates.  For all three materials systems, the effect of interfacial 
modifications on adhesion is assessed using a laser-spallation technique.  Laser-induced stress 
waves are chosen because they dynamically load the thin film interface in a precise, non-
contacting manner at high strain rates and are suitable for both weak and strong interfaces. 
Photodefinable polyimide films are used as dielectrics in flip chip integrated circuit 
packages to reduce the stress between silicon passivation layers and mold compound.  The 
influence of processing parameters on adhesion is examined for photodefinable polyimide films 
on silicon (Si) substrates with three different passivation layers: silicon nitride (SiNx), silicon 
oxynitride (SiOxNy), and the native silicon oxide (SiO2).  Interfacial strength increases when 
films are processed with an exposure step as well as a longer cure cycle.  Additionally, the 
interfacial fracture energy is assessed using a dynamic delamination protocol.  The high 
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toughness of this interface (ca. 100 J/m2) makes it difficult to use more conventional interfacial 
fracture testing techniques. 
Self-assembled monolayers (SAMs) provide an enabling platform for molecular tailoring 
of the chemical and physical properties of an interface in an on-demand fashion.  The SAM end-
group functionality is systematically varied and the corresponding effect on interfacial adhesion 
between a transfer printed gold (Au) film and a fused silica substrate is measured.  SAMs with 
four different end groups are investigated: methyl, amine, bromine and thiol.  In addition to these 
four end groups, mixed monolayers of increasing molar ratio of thiol to methyl SAMs in solution 
are investigated.  There is a strong dependence of interfacial chemistry on the adhesion strength 
of Au films.  In addition to the chemical functionality of the SAM, surface roughness of the 
underlying substrate also has a significant impact on the interfacial strength. 
Thin films of mechanochemically active polymer are subjected to laser-generated, high 
amplitude acoustic pulses.  Stress wave propagation through the film produces large amplitude 
stresses (>100 MPa) in short time frames (10-20 ns), leading to very high strain-rates (ca. 107-108 
s-1).  The polymer system, spiropyran (SP)- linked polystyrene (PS), undergoes a force-induced 
chemical reaction causing fluorescence and color change. Activation of SP is evident via a 
fluorescence signal in thin films subject to high strain-rates.  In contrast, quasi-static loading of 
bulk SP-linked PS samples failed to result in SP activation.  Mechanoresponsive coatings have 
potential to indicate deformation under shockwave loading conditions. 
In addition to SP-linked polymer films, the activation of spiropyran interfacial molecules 
with different side groups is characterized as they adsorb onto a SAM platform with preferential 
amine terminating chemistry.  The reactivity of SP monolayers due to UV irradiation is 
evaluated by water contact angle goniometry and fluorescence spectroscopy.  Side groups on the 
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interfacial spiropyran molecule affect the reactivity and the proximity of neighboring spiropyrans 
can prevent efficient mobility. 
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Chapter 1 Introduction 
1.1. Thin film-substrate systems 
 The interface between a thin film and a substrate has been a major focal point of 
materials science and engineering over the last few decades [1-8].  The area encompasses films 
bonded to relatively thick substrates, multilayer materials, patterned films on substrates and free-
standing films.  The principal consideration for design or material selection depends on a host of 
purposes: protection, adhesion, lubrication, thermal and electrical conductivity, magneticity, 
absorbance, reflectance, etc. [1-3].  From thermal barrier coatings on gas turbine engine blades to 
submarine anti-fouling materials to the much smaller length scales found in microelectronic 
devices, thin film interfaces are ubiquitous.  Special consideration must be given to the design of 
interfaces between two different materials.  These interfaces transfer heat, electrical signals, and 
mechanical stresses (among other properties) differently than their bulk material counterparts [9].  
The mismatch of properties at these interfaces causes this junction of two dissimilar materials to 
be susceptible to failure.  Therefore, the reliability of interfaces is a critical concern for thin film 
on substrate systems.  Not only is reliability of thin film systems a focus of this work but also the 
ability to tailor properties of an interface such as thermal conductivity, adhesion, and wettability.  
This ability to tailor properties at the molecular level provides powerful design tools for thin film 
performance.  This dissertation is targeted toward tailoring properties of three thin film on 
substrate systems: (1) photodefinable polyimide films on passivated silicon substrates, (2) self-
assembled monolayers at the interface of Au films and dielectric substrates, and (3) layers of 
mechanochemically materials on rigid substrates. 
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1.1.1. Photodefinable polyimides in microelectronics 
 Polyimides find widespread application in the microelectronics industry due to low 
dielectric constant, high breakdown voltage, good planarization, radiation resistance, inertness to 
solvents, wear resistance, and low thermal expansion among other favorable properties [10-13].  
Photosensitive polyimides were first introduced in the 1980s [10,11] and received a surge of 
renewed interest in the last decade [14-16].  The added photodefinable capability of spun-cast 
polyimide films reduces the number of processing steps and serves as a promising option for 
microelectronics [16].  Polyimide films are commonly used as passivation layers, interlayer 
dielectrics, and protective layers in integrated circuits [17,18].  Figure 1.1 includes two 
contemporary examples of polyimides in microelectronic applications: use as a planarization 
layer in an optical wave guide [19] and a low permittivity layer in a low temperature co-fired 
ceramic (LTCC) [20].  Property mismatch at the polyimide/substrate interface produces 
significant thermal stresses causing the layers to debond, reducing the overall reliability of 
microelectronic components.  Processing steps unique to photodefinable polyimides and 
substrate passivation layer composition also affect fracture resistance of the interface.  
Understanding and predicting the adhesion at critical interfaces is necessary for the design of a 
robust and well-adhered film. 
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(a) (b) 
Figure 1.1: Examples of polyimides at interfaces: (a) Polyimide films used as a planarization layer in an 
optical wave guide [19]. (b) Polyimide used in Low Temperature Co-fired Ceramic (LTCC) materials 
[20]. 
 
 In Chapter 2 of this dissertation, the laser spallation technique is used to measure changes 
in interfacial strength of blanket polyimide films (HD4100 HD Microsystems) prepared with 
different processing steps unique to photodefinable polyimides on passivated silicon substrates 
[21].  Silicon is used in approximately 90% of integrated circuit chips fabricated due to its 
abundance in nature and retention of good electrical properties even at high temperatures [3].  In 
microelectronics, passivation layers are applied as a shielding outer layer to make the surface of 
the substrate more inert to the surrounding material and prevent surface recombination.  In 
silicon, the probability of surface recombination is lowered by reducing the number of open 
silicon bonds at the top surface with a passivating layer.  The electronics industry thermally 
grows silicon dioxide layers to passivate the surface of silicon due to the low defect states at the 
interface [22].  Other silicon passivation layers include silicon nitride (SiNx), silicon oxynitride 
(SiOxNy), silicon carbide (SiCx) and amorphous silicon [3,22-24].  The effect of passivation layer 
composition and surface roughness on interfacial strength for polyimide on passivated silicon 
substrates is investigated.  
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1.1.2. Self-assembled monolayers 
 Self-assembled monolayers (SAMs) are organic assemblies of molecules that 
spontaneously organize into ordered structures on a surface.  They are the most elementary form 
of a nanometer-scale organic thin film material.  The molecules that form SAMs have a chemical 
functionality or head group (ω) at one end of a molecular chain and an end group (α) that 
attaches to the surface as shown in Figure 1.2.  
 
Figure 1.2: Schematic of self-
assembled molecule structure 
on a substrate. 
 
 There are a number of end groups that bind to specific metals, metal oxides and 
semiconductors summarized by Love et al. [25].  The most extensively studied class of SAMs is 
derived from the adsorption of alkanethiols on gold, silver, copper, palladium, platinum and 
mercury [25].  An alkanethiol can be thought of as containing 3 parts: a sulfur end group (α) for 
attachment to a noble metal surface, a spacer chain (typically made up of methylene groups, 
(CH2)n), and a functional head group (ω).  By simply changing the head group, a surface can be 
created that is hydrophobic (e.g., methyl head group) [26,27], hydrophilic (e.g., hydroxyl or 
carboxyl head groups) [28-30], protein resistant (e.g., hydroxyl or ethylene glycol head groups) 
[31-35], or allows chemical binding (e.g., nitrilotriacetic acid, azide, carboxyl, or amine head 
groups) [36-40].  This flexibility enables a researcher to design a surface to serve a particular 
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function.  SAMs range in thickness depending on chain length but are typically on the order of 1-
3 nm.  The SAMs investigated in this dissertation belong to the group of SAMs called 
alkoxysilanes.  Alkoxysilanes contain a silane group as the end group (α) for attaching to SiO2 
surfaces, contain a methylene chain, and varied head groups.  Many alkoxysilanes are 
commercially available from companies such as Gelest Inc., and Sigma Aldrich Inc.   
 Films of self-assembled monolayers are able to link molecular-level structures to 
macroscopic interfacial phenomena such as wettability [41-43], friction/wear [25,44-48], 
adhesion [49-51], thermal management [52-57] and more recently for binding and recognition of 
specific biomolecules [58-61].  Figure 1.3 includes an example of alkylsilane SAMs on the 
surface of a MEMs gear [62] and ferrocene SAMs at an interface in a memory device [63].   
  
(a) (b) 
Figure 1.3: (a) Molecular Dynamics study of frictional force of SAM-coated curved surfaces 
for MEMs applications [62]. (b) Ferrocene SAMs in a memory device [63]. 
 
 Development of molecular scale memory devices as shown in Figure 1.3b is becoming a 
more attractive option due to smaller size scales than those extant in typical memory devices.  In 
such devices, thermal management and adhesion are primary concerns.  In Chapter 3, the 
relationship between interfacial chemistry and interface strength is investigated for a variety of 
SAMs at a thin film interface and compared to thermal conductance measurements across the 
same interface.  Post-failure analysis of SAM-functionalized interfaces elucidates how the SAM 
molecules are affected by dynamic film fracture. 
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1.1.3. Mechanochemically active interfaces 
 Further tailoring of interfaces can be achieved by incorporating a special class of 
molecules in which mechanical force initiates a chemical reaction.  Such molecules, termed 
mechanophores, mimic biological systems by opening chemical pathways within the material 
under mechanical force [64-67].  Caruso et al. reviews mechanochemistry in polymeric materials 
to date [66] while Black et al. discusses future prospects of polymer mechanochemistry [67].  
Specific mechanophores have been incorporated into a polymer backbone where mechanical 
energy initiated an observable chemical response in the form of color change and fluorescence 
[68-73].  The mechanophore of interest in this dissertation is a color- and fluorescence-
generating spiropyran mechanophore.  The opening of spiropyran (SP) into merocyanine (MC) 
can be driven by mechanical force, UV light, or heat, and is also reversible shown schematically 
in Figure 1.4. 
 
Figure 1.4: Spiropyran (SP) molecule under force, UV excitation, and heat 
undergoes a transformation into the merocyanine (MC) form where it is fluorescent.  
The process is reversible with visible light. 
 
 Potisek and Davis developed methods for synthesizing mechanophore-linked addition 
polymers [74,75].  Since then, spiropyran has been incorporated into various bulk polymers 
where its reaction has been observed under compression, tension, and shear loading [73,75-78].  
For example, activation of spiropyran-linked poly(methyl acrylate) (PMA) is shown in Figure 
1.5a where the bulk polymer specimens were loaded in tension.  In Chapter 4, spiropyran linked 
polymer coatings are subjected to high strain rate loading via laser induced stress waves. The 
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potential of mechanoresponsive polymers to indicate damage under high strain rate loading 
conditions is evaluated. 
 More recently, the activation of spiropyran has been studied in different molecular forms 
as it adsorbs onto surfaces [79-81].  Klajn provides a recent review of the synthesis, switching 
conditions, and use of dynamic materials in which spiropyran has been attached to the surfaces 
of polymers, biomacromolecules, inorganic nanoparticles, and solid surfaces [82].  For example, 
Ivashenko et al. has investigated the activation of spiropyran monolayers with a thiol 
functionality adsorbed onto a Au surface as shown in Figure 1.5b [81].  In Chapter 4, the 
adsorption of spiropyran molecules on an amine-terminated surface is characterized and UV-
induced activation of spiropyran-functionalized surfaces is investigated.  
 
 
 
 
(a) (b) 
Figure 1.5: (a) Force-induced activation of spiropyran-linked PMA [75]. (b) UV activation of spiropyran 
molecules adsorbed on a Au surface [81]. 
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1.2. Thin film adhesion 
 The reliability of a multilayer film system is strongly influenced by the adhesion and 
resistance to subcritical debonding of each of the bimaterial interfaces [83,84].  Thin film 
systems appear most prevalently within the microelectronics industry, which has dictated that 
devices operate in smaller and smaller packages with greater reliability [85,86].  During use, 
devices undergo thermo-mechanical cycling, which induces interfacial delaminations leading to 
failure of the overall device [17,87,88].  Examples of interfacial delamination are included in 
Figure 1.6 for microelectronic interconnections in flip chip assemblies [89].  Reliability tests are 
performed to ensure that a device has sufficient service life and maintains the highest quality 
during use.  Interface adhesion testing is a part of determining the adhesion quality of the 
interface as a function of materials, fabrication processes, and external environmental conditions. 
Extracting a quantitative measurement of interface reliability is achieved by measuring the 
interface strength and toughness, two independent parameters that describe interface adhesion.  
Interface strength is associated with initiation of interface separations and toughness is associated 
with propagation of interface separations.  In this section, a brief overview of adhesion 
measurement methods to quantify interface strength and toughness is given followed by a 
description of the laser spallation method. 
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Figure 1.6: Examples of delamination in test substrates after thermal cycling (a) clear 
delamination between adhesive underfill and pad, (b) delamination between bump and pad which 
continues to adhesive-chip interface, (c) less pronounced delamination, and (d) delamination 
varying between the adhesive-pad interface and the adhesive-bump interface [89]. 
 
1.2.1. Adhesion characterization methods 
 The ideal adhesion test is quantitative, includes facile sample preparation, and mimics 
final use conditions [87].  Common thin film adhesion measurement techniques are the scratch 
test [90-92], pull test [93-96], peel test [95-97], indentation test [98-100], and beam-bending tests 
[101-104], of which the four-point bend test method [83,88,105-109] is most widely utilized in 
the microelectronics industry.  Scratch tests only qualitatively assess the interface quality and do 
not lead to any deterministic interface parameter.  In a pull test, a rigid stud is bonded (typically 
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with epoxy) to the thin film and then pulled at a slow rate until interface failure occurs.  The test 
configuration is dependent on the strength of the desired interface being weaker than the strength 
of the epoxy-stud bond, which may not always be the case.  Peel tests suffer from the same 
disadvantage of bonding a backing layer to the thin film of interest before peeling away the film 
and measuring the interface crack extension.  Often the bonding of backing layers or studs to the 
film of interest loads the desired interface prior to testing thereby undermining the results.  
Indentation tests are performed by pressing an indenter tip with a prescribed geometry into the 
film such that buckling occurs and interface cracks are generated.  Extracting a quantitative 
measure of adhesion strength is a challenge for this method.  The plastic deformation 
mechanisms in the film and/or substrate must be accounted for.  Beam-bending tests also suffer 
from the inability to separate the work of interface fracture from the work dissipated in plastic 
deformation.  The effectiveness and repeatability of the test relies on generating and propagating 
a pre-crack along the interface of interest in a stable manner, which may require extensive 
sample fabrication techniques. 
 In this dissertation, the adhesive strength of interfaces is measured utilizing a laser-
induced spallation method, with strain rates in excess of 106 s-1.  The benefits of laser-induced 
spallation methods come from the non-contact aspect, high strain rates, and suitability for both 
weak and strong interfaces.  The conventional test methods described above are often unable to 
produce adequate interfacial stresses to debond the interface of interest or require tedious sample 
preparation [87,110-112].  In contrast, the rapid laser spallation technique has been used to fail 
both strong and weak interfaces between a thin film and substrate by dynamically loading the 
thin film interface in a precise, non-contacting manner with a laser-induced high amplitude 
acoustic pulse [113-117].  This method for adhesion testing was first demonstrated by Vossen to 
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measure bonding of thick film coatings [114]. Gupta expanded the technique to measure several 
thin film on substrate combinations [116-124]. Wang and coworkers adapted the technique to 
study mixed mode loading, and shockwave loading of thin films on substrates [115].  Kandula 
used the laser spallation technique to investigate interfacial strength of poly-p-phenylene-
benzobisoxazole (PBO) films on silicon nitride passivated silicon substrates [125].  Kandula also 
modified the technique by developing a dynamic delamination protocol to measure interfacial 
fracture energy of thin metallic films on silicon substrates [125,126].  A non-contact test method 
allows minimal disruption of the interface prior to testing, unlike many experiments that use a 
“sandwich” structure.  High strain rates limit the mechanisms for plasticity and other strain-rate 
dependencies.  Lastly, the experiment evolves over a period of 15 ns on average, which is on a 
time scale more appropriate than quasi-static test methods for comparison with simulations 
[108,127,128]. 
1.2.2. Laser spallation methodology 
 The laser spallation method, shown schematically in Figure 1.7, is used to load the 
interface of thin film on substrate systems in a non-contact manner.  A rapid, high-amplitude 
acoustic wave is initiated by the impingement of an Nd:YAG pulsed laser on the aluminum 
energy absorbing layer on the back surface of the substrate.  Because of the confinement of a 
sodium silicate (waterglass) layer, the rapid expansion of the Al generates an acoustic wave that 
propagates through the substrate in compression.  After reflection at the thin film free surface, 
the wave loads the thin film-substrate interface in tension.  The Nd:YAG spot size and pulse 
energy can be adjusted to control the laser fluence (energy per area mJ/mm2).  Specimens are 
tested over a range of laser fluences to initiate film failure on the surface of the substrate.  A 
single specimen can be tested multiple times by moving to a new location typically 1.5 times the 
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spot size from the center of the previous site.  After testing, the films are evaluated for damage 
using microscopy.  
 
Figure 1.7: Schematic of laser spallation set-up for 
measuring interfacial strength.  Compressive stress pulse 
(1) propagates towards the film.  After reflection at the 
free surface, the tensile stress pulse (2) loads the 
interface of interest in tension. 
 
 A set of calibration experiments is necessary when the film of interest is not highly 
reflective or the films fail below laser fluences of interest, invalidating the in situ interferometry 
measurements.  Typically, calibration experiments are carried out with highly reflective thin Al 
films (200 nm) that are electron-beam deposited on identical substrates.  Because the acoustic 
wave is dependent only on substrate parameters, the same acoustic wave is generated in any top 
surface with the same laser fluence.  Thus, an Al film, which has a high interface strength and 
significant reflectivity, is used to calibrate the stress wave magnitude as a function of laser 
fluence. The displacement of the free surface and substrate stress are measured for each 
increment in laser energy using laser interferometry.   
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Figure 1.8: Laser spallation set up with laser 
interferometer on film free surface. 
 
 The displacement of the free surface is measured with a Michelson type interferometer 
shown in Figure 1.8.  A biased silicon photodetector (Electro-Optics Technology ET-2030) 
connected to a high-rate oscilloscope (LeCroy WaveRunner 640zi) records the temporal 
interference pattern at 40 GHz as a voltage trace, , given by, 
, (1.1) 
 
where  and  are the voltage maximum and minimum respectively of each interference 
fringe.  The interference fringe number, , is unwrapped and then converted to displacement 
using [129] 
, (1.2) 
 
where is the wavelength of the interferometric laser, typically 532 nm. For a simple bi-
material interface, the evolution of the substrate stress and interface stress are readily determined 
from the displacement history using the principles of one-dimensional wave mechanics [129].  
When the thickness of the test film (h) is smaller than the spatial spread of the substrate pulse 
V (t)
V (t) = Vmax +Vmin2 +
Vmax !Vmin
2 *sin(2"n(t))
Vmax Vmin
n(t)
u(t) = !0n(t)2
!0
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during the rise time (trise), i.e., h<< (Cd)film*trise, the following analytic thin film equations for the 
substrate stress, , and interface stress, , are valid, 
, (1.3) 
 
(1.4) 
 
where  and  respectively denote the density and dilatational wave speed of the substrate.  
When the film thickness, h, is comparable to (Cd)film*trise, then thick film equations more 
accurately represent the stress history as described by Kandula et al. [125]. 
 As an alternative to Eq. 1.4, which requires obtaining a second derivative of experimental 
data, interface stress can be calculated from 1-D finite element analysis using the experimental 
velocity profiles as input [127].  Previous work has shown that experimentally recorded 
displacements and predicted displacements from a 1D explicit finite element model compare 
well [125].  The finite element model employed throughout this dissertation is based on a fine 
discretization of the substrate and film using two-node linearly elastic elements and an explicit 
central difference time stepping scheme.  Each compressive substrate stress pulse measured 
during experimental calibration is used as input for the model.  The model applies the 
compressive pulse in the substrate, includes partial transmission of the compressive pulse due to 
the material mismatch at the interface as well as the reflection at the free surface of the film, 
giving the interface stress.  For example, the corresponding interference signal, displacement, 
and substrate stress from Eq. (1.1-1.3), and the temporal interface stress obtained from the FEA 
model (blue) are included in Figure 1.9 for a 1.1 μm polystyrene film on a fused silica substrate. 
 
 
! sub ! int
! sub (t) = "
1
2 (#Cd )sub
du
dt
! int (t) = "(#h) film
d 2u
dt
! Cd
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(a) (b) 
  
(c) (d) 
Figure 1.9: Representative data obtained during laser spallation testing of an Al calibration film on a 
fused silica substrate: (a) photodiode output captured by an oscilloscope, (b) displacement of the film 
free surface, (c) substrate stress and (d) interface stress from finite element calculation for a 1.1 μm 
polystyreme film.  Experimental data (a-c) are in black, FEA calculation (d) is in blue. 
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 The relationship between laser fluence and peak interface stress is generated as shown in 
Figure 1.10 for 1.1 μm polystyrene films on fused silica substrates.  A least squares regression 
line (LSRL) was fit to the data demonstrating a strong, positive linear relationship between laser 
fluence and peak interface stress. 
 
Figure 1.10: Average peak tensile interface stress 
computed from calibrated substrate stress pulses at 
incremented laser fluence (mJ/mm2).  Error bars 
represent one standard deviation. 
 
1.3. Overview of the dissertation 
 The focus of this work is on molecular control of interface properties for thin film-
substrate systems.  The first thin film-substrate system investigated is that of a spun cast 
photodefinable polyimide film on passivated silicon (Chapter 2).  The laser spallation technique 
is employed to measure the interface strength of this tough film on substrate system.  The 
composition of passivation layers on the order of microns thick influenced interface strength, 
which lead to a study of interface functionality.  In Chapter 3, the end group chemistry of self-
assembled monolayers is systematically varied at the interface between a gold film and glass 
substrate.  Interfacial strength is controlled by the monolayer head group chemistry.  
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Additionally, interfacial adhesion strength correlates with thermal conductance across the 
interface.  In Chapter 4, SAMs are investigated as a platform for attaching mechanochemically 
active spiropyran molecules.  Chapter 5 includes a summary of the dissertation.  Finally, Chapter 
6 includes exploratory work and future directions.  
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Chapter 2 Interfacial adhesion of polyimide films on passivated 
silicon* 
2.1. Introduction 
 Characterization of interfacial failure of strongly adhered thin films by conventional 
methods such as stud pull [1], peel [2,3], and blister [4] tests is challenging.  These methods are 
often unable to fail the desired interface and can require significant sample preparation. In 
contrast, laser spallation methods are able to fail strong interfaces between a thin film and 
substrate by dynamically loading the thin film interface in a precise, non-contacting manner with 
a laser-induced high amplitude acoustic pulse [5-11].  In prior work, the laser spallation 
technique was used to investigate interfacial strength of a polymer film, poly-p-phenylene-
benzobisoxazole (PBO), on silicon nitride passivated silicon substrates [12] as well as the effect 
of humidity on polyimide-silicon nitride interfaces [13].  In this chapter, the laser spallation 
technique is employed to evaluate the interfacial strength of blanket photodefinable polyimide 
films (HD4100 HD Microsystems) prepared with different processing steps on passivated silicon 
substrates.  Background information on polyimides used in microelectronics is provided in 
Section 1.1.1. 
 In addition to extracting the interfacial strength, a newly developed dynamic 
delamination protocol [14,15] is utilized to quantify the interfacial fracture energy of the 
polyimide films on silicon substrates.  Polyimide-silicon interfacial fracture energy was 
measured previously by the double cantilever beam and four-point-bend methods [16-18].  As 
the interfacial adhesion of commercial spun-cast polyimides has improved, measurement of the 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  *	  Significant portions of this chaper were published in Grady et al. Thin Solid Films (2014).	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interfacial fracture energy by these quasi-static methods has become more challenging as the 
polymeric materials often fail cohesively, the substrate fails before the interface of interest, 
and/or the presence of substantial inelastic deformations complicates the extraction of interface 
fracture properties [17-22].  Kandula et al. recently modified the laser spallation method to 
generate a controlled, dynamic delamination of aluminum (Al) thin film strips on a silicon 
substrate by introducing a region of weak adhesion [14,15].  The Al/Si interfacial fracture energy 
was extracted from measurements of the resulting delamination length.  The fracture energy 
extracted from the dynamic delamination test compared favorably with values measured by a 
four-point bend test method.  Here, this technique is applied to the much stronger polyimide-
silicon interface, utilizing the photodefinable capability of the spun-cast polyimide to create 
strips with weak adhesion layers [23]. 
2.2.  Materials 
 Blanket polyimide film specimens, shown schematically in Figure 2.1a, were prepared 
for laser spallation testing.  HD 4100 Polyimide films were deposited on single crystal silicon 
<100> substrates with three different passivation layers: SiO2, SiNx, SiOxNy.  In the case of SiNx 
and SiOxNy, passivation layers were deposited by the wafer manufacturer (University Wafer) 
using chemical vapor deposition.  The passivation layer thickness measured by ellipsometry and 
the surface roughness measured by atomic force microscopy are summarized in Table 2.1 for the 
three sample types.  The thinnest passivation layer was SiO2 and the thickest was SiOxNy.  The 
specimen with the highest surface roughness was the SiOxNy. passivated substrate.  On the 
backside of the sample, a 400 nm thick aluminum (Al) absorbing layer was electron-beam 
deposited followed by spin coating 7 μm of a sodium silicate (waterglass) confining layer.  The 
absorbing layer and confining layer thicknesses were chosen so that a sufficiently large acoustic 
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pulse was generated.  A thinner waterglass confining layer would decrease the magnitude of the 
acoustic pulse generated.  Calibration specimens were prepared by depositing a highly reflective 
200 nm thick Al film on the top surface of each of the substrates investigated (Figure 2.1b). 
 
Table 2.1: Substrate characteristics. 
Substrate Substrate Thickness Passivation Layer Thickness Roughness RMS 
Si/Native Oxide 425 μm 2.3 nm 0.17 nm 
Si/Nitride 730 μm 29 nm 0.20 nm 
Si/OxyNitride 730 μm 1 μm 3.19 nm 
 
 
  
(a) (b) 
  
(c) (d) 
Figure 2.1: Schematic of thin film adhesion specimens. (a) Side view of a blanket 
polyimide thin film on a passivated substrate for spallation testing. Relevant layer 
thicknesses are shown in (). (b) Side view of a calibration sample consisting of a 
blanket thin Al film on a passivated substrate. (c) Side view of a patterned polyimide 
thin film on a silicon substrate for dynamic delamination experiments. (d) Top view of 
a Au weak adhesion layer underneath a patterned polyimide thin film on a silicon 
substrate for dynamic delamination experiments. 
 
 The process cycle for blanket polyimide films is shown schematically in Figure 2.2.  The 
substrates were degreased using acetone, isopropyl alcohol, deionized water and blown dry with 
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nitrogen and further dried at 120 °C for 2 min. HD4100 polyimide was spun using a two-step 
spin cycle, first at 1000 rpm for 10 s then increased to 3000 rpm for 30 s with a ramp of 300 
rpm/s.  Samples were then subjected to a soft bake at 95 °C for 5 min. Since this polyimide 
serves as a photoresist, the differences between exposure and non-exposure to 365 nm 
wavelength light were compared. Exposed samples were irradiated using a MJB-3 Karl Suss 
mask aligner for 10 s at 8.5 mJ/cm2.  Samples were then cured in an argon environment (O2< 5 
ppm) following three different cure cycles: (I) 30 min at 200 °C followed by 60 min at 375 °C, 
(II) 30 min at 200 °C followed by 30 min at 375 °C, and (III) only 30 min at 200 °C.  Cure cycle 
I was consistent with the manufacturer’s suggested cure cycle.  After curing, the final polyimide 
film thickness was ca. 6 μm. 
 
 
Figure 2.2: Schematic of cure cycles used for processing 
polyimides.  Time-temperature profiles for cure cycles I, II 
and III.  Arrows indicate when the cycle was concluded. 
 
 Dynamic delamination specimens (Figures 2.1c and 2.1d) were prepared by first 
patterning a silicon substrate with 500 x 500 μm square Au films with thickness of 150 nm by 
electron beam deposition.  Similar to blanket films, polyimide was deposited on the patterned 
substrate using the same spin cycle and soft bake parameters described above.  Prior to exposure, 
a lithography mask was aligned to the Au squares following the specified strip geometry.  
Samples were irradiated using a MJB-3 Karl Suss mask aligner for 10 s at 8.5 mJ/cm2.  After 
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exposure, samples were baked on a hot plate at 100 °C for 50 s.  The post-exposure bake 
controlled the slope of the polyimide strip side-walls.  A double puddle development method was 
used to remove the un-crosslinked polyimide.  Developer (PA-401D HD Microsystems) was first 
dispensed onto the sample, allowed to puddle for a specific time, and then was spun off.  The 
recipe included alternating steps of developer and rinse (PA-400R HD Microsystems) as 
described in Table 2.2.  A speed of 600 rpm was satisfactory for achieving spin off after each 
step.  As a final drying step, specimens were spun at a speed of 3000 rpm for 15 s.  After the 
strip patterns were fully defined through the development process, samples were cured in an 
Argon glove box following cure cycle I. 
 
Table 2.2: Development recipe for HD 4100 
Polyimide.  Shaded regions represent a 
developer step. 
Step Number Action 
1 Developer puddle 8 s, spin off 
2 Developer puddle 8 s, spin off 
3 Quick rinse, spin off 
4 Rinse puddle 8 s, spin off 
5 Developer puddle 8 s, spin off 
6 Rinse puddle 1 s, spin off 
7 Developer puddle 1 s, spin off 
8 Rinse puddle 8 s, spin off 
9 Final rinse puddle 8 s, spin dry 
2.3.  Methods 
2.3.1. Laser spallation testing of blanket films 
 Interfacial strengths of blanket polyimide specimens were measured using the laser 
spallation test method described in Section 1.2.  A rapid, high-amplitude acoustic wave was 
initiated by the impingement of an Nd:YAG pulsed laser (New Wave Tempest) on the aluminum 
energy absorbing layer on the back surface of the specimen.  Because of the confinement of a 
sodium silicate (waterglass) layer, rapid expansion of Al generated an acoustic wave that 
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propagated through the substrate in compression.  After reflection at the thin film free surface, 
the wave loaded the thin film-substrate interface in tension.  A Michelson interferometer was 
used to measure the displacement of the free surface.  A biased silicon photodetector (Electro-
Optics Technology ET-2030) connected to a high-rate oscilloscope (LeCroy LC584 A) recorded 
the temporal interference pattern as a voltage trace.  The material properties used to calculate 
substrate and interface stresses are listed in Table 2.3 and are consistent with other works [9-
12,14]. 
 The interface on a single specimen was tested multiple times by using motion controlled 
actuators to move the test site to a new location 1.5 times the spot size from the center of the 
previous site.  The spot size was kept constant for all tests and the laser fluence (energy per area) 
was incremented by adjusting the YAG energy using an attenuation controller.  After testing, the 
films were evaluated for damage using an optical microscope and cross-polarized light to 
illumine subsurface delamination.  The critical laser fluence was determined by the lowest 
fluence value that initiated delamination. 
2.3.2. Calibration protocol for blanket films 
 Thin film polyimide specimens are not highly reflective, preventing in situ Michelson 
interference data collection during the laser spallation tests.  In order to determine the substrate 
and interface stresses for a given laser fluence, a set of calibration experiments were performed 
on specimens with highly reflective thin Al films (200 nm) on the top surface of identical 
substrates to the polyimide specimens. A Nd:YAG laser spot size of diameter 2 mm was chosen 
and kept constant for these experiments.  The laser energy was incremented, and the interference 
pattern captured at a sampling rate of 40 GHz.  The displacement of the free surface and 
substrate stress were calculated for each increment in laser energy.  Figure 2.3 contains fringe 
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data for a representative Si/SiNx calibration sample tested at a fluence of 21.3 mJ/mm2, the 
corresponding displacement and substrate stress determined from Eqs. (1.1-1.3), and the 
evolution of the interface stress obtained from a 1D finite element analysis (Section 1.2).  As 
shown in Figure 2.4, the substrate pulse measurement is repeated for multiple tests (5 shown) at a 
given fluence value.  Calibration data was acquired over a range of fluences, providing the 
relationship between the laser fluence and the average peak compressive substrate stress plotted 
in Figure 2.5a.  An average of 4 tests at each fluence were performed to obtain the data in Figure 
2.5.  Since the substrates and passivation layers varied in thickness and composition, calibrations 
were carried out on all three specimen types.  The maximum interface stress computed from 
finite element analysis for each substrate stress pulse is averaged for the corresponding laser 
fluence (Figure 2.5b). 
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(a) (b) 
  
(c) (d) 
Figure 2.3: Representative interferometric data obtained during laser spallation testing of a calibration 
specimen: (a) photodiode fringe data as captured by the oscilloscope, (b) time evolution of displacement 
of the calibration sample free surface calculated from Eqs. (1) and (2), (c) substrate stress calculated 
from Eq. (3) and (d) 1D explicit finite element analysis calculation (blue) of the interface stress for a 6 
μm thick polyimide film. 
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Figure 2.4: Repeatability of substrate stress pulse.  
Evolution of substrate stress for five different tests at two 
fluences on a SiNx substrate. 
 
  
(a) (b) 
Figure 2.5: Calibration data. (a) Average peak compressive substrate stress verses fluence for each 
substrate, and (b) Average peak interface stress verses fluence for each substrate.  Error bars 
represent standard error. 
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2.3.3. Analysis of interface stress 
 The compressive substrate pulse profiles (Figure 2.4) measured during calibration along 
with film thickness and material properties provide the necessary input for 1D simulations of 
wave propagation in thin film/substrate systems as described in Section 1.2.  The interface stress 
was calculated using the finite element model for a 6 μm blanket polyimide film on silicon with 
the material properties contained in Table 2.3.  The computed evolution of the interface stress 
and kinetic energy corresponding to the dynamic delamination experiments was based on the 
thickness measured for each polyimide strip listed in Table 2.5. 
Table 2.3: Material properties. 
Material Young’s modulus (GPa) Density (kg/m
3) Poisson’s ratio Dilatational wave speed (m/s) 
Si (100) 130 2330 0.28 8387 
Au 77 19300 0.42 1997 
Polyimide 3.5 1430 0.33 1564 
 
2.3.4. Dynamic delamination of patterned films 
 For dynamic delamination experiments, patterned specimens (Figures 2.1c,d) were 
prepared as described in Section 2.2.  The Nd: YAG pulse was aligned with the edge of the 
polyimide strip over the gold weak-adhesion layer as shown in Figure 2.6.  Multiple strips on 
each specimen were available for testing.  Once loaded, sample delamination was initiated in the 
weak adhesion layer and continued to propagate along the polyimide-silicon interface causing 
the film to lift off the surface.  Interfacial fracture energy was determined using the method 
established by Kandula et al. [14].  Assuming that all the kinetic energy (K ) present in the 
weakly bonded portion of the film at the time of spallation is converted into the work of fracture, 
the interfacial fracture toughness (Gc ) is calculated as 
Gc =
a0
af ! a0
K , (2.1) 
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where  is the initial length of the weak-adhesion layer and  is the final length of 
delamination.  Delamination lengths were identified using optical microscopy and a stylus-tipped 
profilometer.  In the cases where the delamination front was not perpendicular to the direction of 
delamination, the maximum delamination length was used.  This calculation of delamination 
length provides the most conservative estimate of interfacial fracture energy. 
 
Figure 2.6: Schematic of dynamic delamination protocol for 
measuring interfacial fracture energy.  A focused laser 
beam is used to align the center of the loading pulse to the 
edge of the weak adhesion layer.  The original length of the 
weak-adhesion layer is denoted by ao. After loading, 
delamination propagates along the film-substrate interface 
past the weak-adhesion layer and the final length is af.  
Adapted from Kandula et al. [14]. 
 
 The evolution of kinetic energy during the test was computed from the 1D finite element 
model described previously.  The kinetic energy available at fracture was determined at the point 
when the interfacial stress reached the interfacial strength of the weak Au/Si interface (measured 
as 50 MPa through laser spallation tests by Kandula et al. [14]).  The interfacial energy was then 
calculated from Eq. 2.1. Tran et al. [24] have conducted a detailed numerical analysis of the 
dynamic delamination process and verified the accuracy of the energy conversion relation (Eq. 
2.1) for a range of experimental conditions. 
ao af
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2.4.  Results 
2.4.1. Interfacial strength 
 The laser spallation technique was used to measure the tensile strength of multiple 
polyimide-substrate interfaces.  The effect of surface passivation was compared across silicon 
substrates passivated with SiO2, SiOxNy, and SiNx, with properties listed in Table 2.1.  Processing 
conditions of blanket polyimide films deposited on the substrates were evaluated by varying cure 
cycle and UV-exposure.  Specimens were tested over a range of increasing fluence values, and 
then examined by optical microscopy under cross-polarized light to determine the minimum 
fluence for interfacial failure.  As shown in Figure 2.7 for the case of a Si/SiNx passivated 
substrate with an unexposed polyimide film cured following cycle III, interfacial delamination 
initiated at a fluence of 13.8 mJ/mm2.  A significant increase in the damage area was observed 
with increasing fluence above this critical value.  At higher fluences, films began to separate 
completely from the substrate.  The interface strength was then determined from the 
corresponding average interface stress value in the calibrations conducted at this critical laser 
fluence (Figure 2.5b). 
 
(a) (b) (c) (d) 
Figure 2.7: Optical images under cross-polarized light of polyimide film delamination from a SiNx 
passivated silicon substrate processed with cure cycle III and without exposure. Images correspond to 
increasing fluence from left to right (a) 13.8 mJ/mm2 (b) 16.3 mJ/mm2 (c) 19.5 mJ/mm2 (d) 21.3 mJ/mm2.  
Scale bar = 500 μm. 
 
 Figure 2.8 compares the average interfacial strengths across all of the variables tested.  
Substrates with only the native SiO2 layer required the highest stress to initiate delamination.   
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The separation of the film on SiNx passivated substrates occurred over a larger area and required 
a lower laser fluence to achieve film separation compared to both the SiO2 and SiOxNy specimens.  
Consistent with the damage observations, a polyimide film processed on a SiO2 passivated 
substrate under cure cycle I demonstrated the highest interface strength of 429 ± 30 MPa.  Films 
on the SiNx layer consistently had lower interface strengths and a film cured under cycle III 
without exposure on SiNx demonstrated the lowest strength of 150 ± 18 MPa.  Interface strengths 
measured for polyimide films on all three passivation layers for each cure cycle and exposure 
type are included in Table 2.4.  
 
Table 2.4: Interfacial strength for polyimide films on passivated silicon substrates. 
 Exposure No Exposure 
Passivation 
Layer 
Cure Cycle 
I 
Cure Cycle 
II 
Cure Cycle 
III 
Cure Cycle 
I 
Cure Cycle 
II 
Cure Cycle 
III 
SiO2 429 ± 30 MPa 429 ± 30 MPa 405 ± 30 MPa 429 ± 47 MPa 395 ± 47 MPa 297 ± 30 MPa 
SiOxNy 411 ± 6 MPa 375 ± 6 MPa 257 ± 17 MPa 351 ± 6 MPa 257 ± 17 MPa 208 ± 17 MPa 
SiNx 403 ± 31 MPa 292 ± 11 MPa 180 ± 1 MPa 292 ± 11 MPa 260 ± 6 MPa 150 ± 18 MPa 
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Figure 2.8: Effect of UV-exposure and cure cycle on interfacial 
strength of HD4100 Polyimide on passivated silicon 
substrates. The standard error is calculated from interface 
stress calibrations. 
 
 Averaging across all cure cycles, the interface strength of specimens fabricated without 
UV-exposure on average decreased 22% for Si/SiOxNy substrates, 18% for Si/SiNx, and 12% for 
Si/SiO2 substrates. The lack of UV-exposure had the strongest impact on the cure cycle with the 
least curing time, cure cycle III, where the interface strength decreased by an average of 21%.  
Considering cure cycle alone, the interface strength decreased by an average of 36% when cured 
following cure cycle III when compared to cure cycle I.  Substrates including an oxygenated 
passivation layer generally showed improved adhesion at each cure cycle.  The interface strength 
of exposed polyimide on SiO2 passivated substrates was the least affected by cure cycle, 
decreasing only 6% from cure cycle I to cure cycle III.  In prior work, Kandula et al. reported 
increasing interface strength for PBO films on passivated substrates with greater surface 
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roughness [17].  In this study, the passivation layer composition had a greater impact on interface 
strength than surface roughness and dominated the results.  The SiO2 and SiNx substrates had 
similar surface roughness (0.17 nm and 0.20 nm, respectively), but polyimide films on these 
substrates exhibited significantly different interfacial strengths (429 MPa ± 30 and 403 ± 31 MPa 
with exposure under cure cycle I, 429 ± 47 MPa and 292 ± 11 MPa without exposure under cure 
cycle I).  The disparity between interfacial strengths of SiNx and SiO2 substrates becomes more 
pronounced at cure cycle II and III.  Alternatively, the roughest substrate SiOxNy (RMS 
roughness of 3.19 nm) did not exhibit a higher interface strength than either other passivation 
layer further indicating that passivation layer composition played a larger role in interface 
strength than surface roughness in these experiments. 
2.4.2. Interfacial fracture energy 
 In addition to measuring the tensile strength of the polyimide-silicon interface, the 
interfacial fracture energy was investigated for the interface of the highest tensile strength, 
polyimide on Si/SiO2.  The interfacial fracture energy was extracted from dynamic delamination 
experiments of patterned polyimide films on a silicon substrate cured using cure cycle I.  After a 
single loading pulse on a weak-adhesion region, the kinetic energy was channeled into 
delaminating the silicon-polyimide interface causing the polyimide strips to lift off of the 
substrate (Figure 2.9).  The length of delamination was measured from optical images taken after 
testing and confirmed using a stylus-tipped profilometer.  Table 2.5 summarizes the pre-crack 
length ( ), delamination extension (  - ), the kinetic energy available for fracture from the 
finite element analysis, and the measured interfacial fracture energy.  Representative images 
from before and after testing, are shown in Figure 2.10.  Delamination lengths were modest and 
varied from 65 to 275 μm past the pre-crack.  In the case of strip ➀ and strip ➂, only the pre-
ao af ao
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cracked region separated from the substrate and no measurable delamination could be detected 
shown in (Figure 2.10a).  In the case of strips ➄ and ➅, the crack front was not perpendicular to 
the direction of the delamination (Figure 2.10b), complicating measurement of the delamination 
length.  As indicated earlier, for these cases, the maximum delamination length was used for 
final length in the analysis for interfacial fracture energy, providing a conservative 
approximation of fracture energy. 
 
 
Figure 2.9: Composite image of delaminated polyimide 
strips on Si/SiO2 substrate. Numbered strips correspond to 
strip number in Table 2.5. A stack of 67 images was 
compiled using a Zeiss Stereomicroscope. Scale bar is 5 
mm.  
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(a) (b) (c) 
Figure 2.10: Optical images of delaminated polyimide strips before testing (left) and after 
testing (right) for (a) strip ➂, (b) strip ➅, and (c) strip ➆.  Crack extension lengths for 
strips ➅ and ➆ are 230 and 120 μm, respectively, represented by a vertical bar.  Scale 
bars in the lower right hand of each image are 500 μm. 
 
 The interfacial stress required to initiate dynamic delamination was lower than the 
interfacial strength measured for blanket polyimide films on Si/SiO2.  Hence, the kinetic energy 
imparted to the Au/Si interface was the primary mechanism for driving crack advancement along 
the polyimide/Si interface.  Figure 2.11 includes the recorded velocity profiles (Figure 2.11a), 
the corresponding interfaces stress (Figure 2.11b), and the evolution of the kinetic energy in the 
film as a function of the interfacial stress (Figure 2.11c) for three laser fluences.  The kinetic 
energy for the third fluence is significantly higher because the velocity for that laser fluence is 
also higher. The vertical dashed line (Figure 2.11c) indicates the tensile strength of the Au/Si 
interface (50 MPa) and the corresponding kinetic energy available for fracture at each fluence.  
The kinetic energy, resulting delamination lengths and the fracture energy for each strip is 
tabulated in Table 2.5.  Higher kinetic energies resulted in longer delamination lengths.  The 
average fracture energy for the 6 strips exhibiting quantifiable delamination lengths was 103 ± 
12 J/m2. 
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(a) (b) 
 
(c) 
Figure 2.11: (a) Velocity profiles recorded for three laser fluences 19.5, 21.3, and 22.5 mJ/mm2.  (b) 
Interface stress for polyimide films for each laser fluence.  Dotted line represents a tensile interface stress 
of 50 MPa.  (c) Evolution of kinetic energy per unit area versus interface stress at the polyimide-silicon 
interface for three values of the laser fluence.  The vertical dotted line represents the strength of the Si-Au 
interface (50 MPa) and the kinetic energy per unit area available for fracture is noted above the 
horizontal dotted line for each case. 
 
 
 
  
	   44 
 
Table 2.5: Interfacial fracture energy for polyimide strips on silicon with a native oxide. 
Strip 
Number 
Thickness 
(μm) 
 
Pre-Crack 
Length (μm) 
-  
Delamination 
Extension (μm) 
K  
Kinetic Energy 
(J/m2) 
Gc  
Fracture Energy 
Gc (J/m2) 
1 4.6 500 insufficient delamination 
2 4.5 500 75 11.8 79 
3 4.6 500 insufficient delamination 
4 4.6 500 65 12.1 93 
5 4.6 500 275 69.5 126 
6 4.6 500 230 69.5 151 
7 4.6 500 120 22.5 94 
8 4.6 500 145 22.5 78 
    Average 103 
    Standard Error 12 
 
 The average fracture energy measured in this study of the polyimide–Si interface is an 
order of magnitude higher than previously reported fracture energy values for thicker polyimide 
(PMDA–ODA) films on glass by Choi et al. [25]. However, the chemical structure of aromatic 
polyimide influences its adhesion properties as described by Miwa et al. [26]. Although the exact 
chemical structure of HD4100 is proprietary, the increased interfacial fracture resistance 
demonstrated for an aromatic photodefinable polyimide on passivated silicon substrates is likely 
due to the chemical structure of the polyimide. 
2.5.  Conclusions 
 The adhesion of polyimide-silicon interfaces was evaluated by the laser spallation 
technique and a dynamic delamination test method.  The effect of exposure on adhesion of 
blanket films was compared by measuring the strength of film specimens without irradiation.  On 
average, the interface strength decreased 19% on all substrates without this exposure except for 
fully cured films on Si/SiO2 which did not decrease in strength.  The adhesion of the films was 
measured at three different stages of the cure cycle.  For all substrates, the interfacial strength 
decreased 36% on average when the cure cycle was reduced to a single step.  Substrates with an 
ao af ao
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oxygenated passivation layer (SiO2 and SiOxNy) showed improved adhesion over substrates 
passivated with silicon nitride.  Based on these results, fabrication of a photodefinable polyimide 
should include the exposure step and full cure to ensure a robust and well-adhered film. 
 Fracture properties of the tough polyimide-silicon interface were evaluated via a dynamic 
delamination technique.  A lithographic protocol was developed for fabricating polyimide strips 
with a weak-adhesion region.  Strip specimens were dynamically loaded in the weak-adhesion 
region to induce delamination along the desired interface.  Tests showed that high values of the 
kinetic energy imparted by the laser-induced pulse onto the weakly bonded region were 
necessary to induce only modest delamination along the interface of interest.  These experiments 
showed the interfacial fracture toughness of the polyimide-silicon interface to be an order of 
magnitude higher than previously reported polyimide films on silicon. 
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Chapter 3 Molecular control of interfacial adhesion 
 Self-assembled monolayers (SAMs) provide an enabling platform for molecular tailoring 
of the chemical and physical properties of an interface in an on-demand fashion. In this work, 
SAM end-group functionality is systematically varied and the corresponding effect on interfacial 
adhesion is quantified between a transfer printed gold (Au) film and a fused silica substrate. 
SAMs with four different end groups are investigated: Dodecyltriethoxysilane (DTES), 11-
amino-undecyltriethoxysilane (ATES), 11-bromo-undecyltrimethoxysilane (BrUTMS) and 11-
mercapto-undecyltrimethoxysilane (MUTMS).  In addition to these four end groups, mixed 
monolayers of increasing molar ratio of MUTMS to DTES in solution are investigated. The 
adhesive strength of the SAM-mediated interfaces is measured by a non-contact laser-induced 
spallation method at strain rates in excess of 106 s-1.  Interfacial stresses are inferred from 
interferometric displacement measurements and finite element analysis.  By making multiple 
measurements at increasing stress amplitudes (controlled by the laser fluence), the adhesion 
strength of Au films transfer-printed on different SAM functionalized substrates are compared.  
Varying the end-group functionality drastically alters the adhesion strength of Au films. 
Increasing interface strengths of 19 MPa, 20 MPa, 52 MPa, and 80 MPa are measured for 
interfaces functionalized with ATES, DTES, BrUTMS and MUTMS, respectively.  By 
controlling the concentration of MUTMS in a solution of mixed monolayers with DTES, the 
interface strength is effectively tuned between the low strength of DTES and the high strength of 
MUTMS. 
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3.1. Introduction 
 The mechanical properties of SAM-modified interfaces have been investigated by both 
macro-scale fracture testing and by more localized scanning probe techniques where tip, sample, 
or both surfaces are functionalized with SAMs.  At the macroscopic scale, the influence of 
several self-assembled monolayer chemistries on interface adhesion has been investigated using 
the superlayer test method [1], fiber pull out method [2], tape peel test [3], four point bend 
method [4,5], and other sandwich specimen configurations [6-12].  Zhuk et al. adapted a 
superlayer test configuration to measure the interfacial strength of Au-epoxy interface.  An 
increase in fracture energy was measured with incorporation of higher fractions of methyl/epoxy 
bonds to COOH/epoxy bonds [1].  Mello et al. used a biaxial loading device to perform mixed 
mode facture experiments on SAM-mediated epoxy–sapphire interfaces.  They reported an 
increase in interfacial fracture toughness for sapphire surfaces functionalized with bromine-
terminated SAMs over surfaces with methyl-terminated SAMs [11,12]. Gandhi et al. used the 
four point bend method to measure increased interfacial fracture toughness of a SAM modified 
Cu-Si interface after thermal annealing [13].  In all of these macroscopic tests the fracture energy 
was highly sensitive to SAM composition at the interface of interest.  A more systematic study of 
the effect of a variety of SAM chemistries on interfacial adhesion is needed. 
 Both interfacial force microscopy and atomic force microscopy have been employed to 
investigate adhesive forces with SAM-functionalized constituents more locally [13-28].  Bush et 
al. measured the elastic modulus, work of adhesion, and interfacial shear strength of methyl-
terminated alkylsilane SAMs through scanning probe normal and lateral force measurements 
[14].  Houston and Kim measured differences in frictional behavior of alkanethiol monolayers 
due to different end group chemistries and chain lengths [15-17].  Wang and Liechti have 
	   50 
developed a protocol to form monolayers with nanoscale uniformity and pioneered the use of an 
interfacial force microscope to measure adhesion of SAM-modified interfaces [27-29].  However, 
the prospect of using SAMs to modulate bonding in thin film components means that larger 
contact areas need to be considered and tested. 
 In this work, a systematic study of the effect of end-group chemistry on the adhesive 
strength of the SAM-mediated interface is measured by a laser-induced spallation method at 
strain rates in excess of 106 s-1 [30-35].  The benefits of laser-induced spallation methods are 
non-contact stress wave generation, high strain rates, applicability to both tough and weak 
interfaces, and the ability to test multiple sites on the same specimen.  Additionally, laser-
induced stress waves load structures extremely fast (nanoseconds), which provides a more 
appropriate time scale than quasi-static adhesion methods for comparison with molecular 
dynamics simulations [36-39]. 
 The interfacial strength is measured for an Au film transfer-printed to a self-assembled 
monolayer (SAM) functionalized fused silica substrate, shown schematically in Figure 3.1.  The 
SiO2/Au interface was chosen because bifunctional SAM molecules with orthogonal attachment 
chemistries having specificity towards either SiO2 or Au can be investigated.  The end-group 
functionality controls the bond strength across the SiO2/Au interface.  Silane chemistries on the 
silica surface permit dense packing and strong bonding.  Four different termination chemistries  
(-CH3, -NH2, -Br, -SH) shown schematically in Figure 3.1 were selected and permitted a large 
variation in bond strength at the Au-SAM interface.  Mixed monolayers of increasing molar ratio 
of -SH to -CH3 in solution were also prepared.  When properly formed, these chemistries do not 
result in multi-layer formation or loop attachment to the fused silica substrate.  Previous work in 
molecular electronics has demonstrated that the “soft-deposition” approach of transfer-printing, 
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as compared to more energetic physical vapor deposition techniques, causes minimal damage to 
the SAM layer [40].  Because adhesion between the elastomeric stamp and Au film is a function 
only of peel rate, Au layers can be transfer-printed to any surface chemistry regardless of 
adhesion strength [41].  
 
 
Figure 3.1: Schematic of a Au film transfer printed on 
a SAM-functionalized substrate and a summary of 
different end group chemistries. 
 
3.2. Materials 
3.2.1. Sample preparation 
 The fused silica substrates (SiO2, 1500 µm thick, Quartz Scientific) were cleaned in 
piranha solution (3 H2SO4 : 1 H2O2 by volume) at 120 °C for 60 min to remove any organic 
material from the substrate surface. The substrates were then rinsed with copious amounts of 
water, dried under a stream of air, and further dried in an oven at 120 °C for at least 5 min.  In 
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addition, silicon wafers (University Wafer) with a native oxide layer were diced to 1 cm sq and 
were prepared in the same manner for ellispsometry measurements.  SAMs were prepared on 
both fused silica and silicon substrates in the same reaction vessel by immersion in a toluene 
solution (ACS certified, Fisher Scientific) of 10 mM silane plus 15 mM triethylamine for 24 h in 
a sealed container.  Experimentation with the SAM deposition procedures revealed that 
anhydrous solvents and preparation in an inert atmosphere did not improve monolayer formation 
for alkoxysilanes [42].  All SAM deposition procedures followed the above protocols except for 
deposition of amine-terminated monolayers.  The results of a time in solution study for amine-
terminated monolayers demonstrated only 1 hr was necessary for full coverage and formation of 
a single monolayer without the addition of a triethylamine catalyst.  Additionally, 0.03 g of 
dithiothreitol (Sigma Aldrich) was added to solutions with thiols to reduce disulfide formation. 
 Specimens were prepared with 11-amino-undecyltriethoxysilane (ATES), 
dodecyltriethoxysilane (DTES), 11-bromo-undecyltrimethoxysilane (BrUTMS), and 11-
mercapto-undecyltrimethoxysilane (MUTMS) at the interface between fused silica substrates and 
transfer printed gold films.  Samples were also prepared with mixed monolayers containing a 
range of MUTMS to DTES mole percents of each SAM molecule in solution.  The MUTMS 
mole fractions used in these experiments were 0 %, which corresponds to a fully methyl-
terminated SAM (DTES), 25%, 50%, 75%, and 100%, which corresponds to a fully thiol-
terminated SAM (MUTMS).  The ratios were confirmed using x-ray photoelectron spectroscopy 
similarly to Losego et al. [42].  Characterization of SAM monolayers is provided in Section 3.2.2. 
 After rinsing (subsequent rinses of toluene, ethanol, and deionized water) and drying, a 
thin Au layer was transfer printed on the SAM-functionalized substrate.  In this work, transfer-
printing of gold films to SAM-modified substrates followed the procedures of Meitl et al. [41].  
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Donor silicon substrates with thermally grown oxide layers (~75 nm) were cleaned in a piranha 
solution, rinsed with deionized water, and blown dry.  Gold films of nominally 150 nm thickness 
were deposited by electron-beam evaporation (Temescal) onto the SiO2/Si  donor substrates.  
Thicknesses of the Au films were confirmed using a stylus profilometer. 
 Poor adhesion at the SiO2/Au interface makes these oxide surfaces ideal donor substrates 
for the transfer-printing process.  A thin layer of polyvinyl alcohol (PVA 87-89% hydrolyzed, 
MW ~ 20,000 g/mol, Sigma-Aldrich, 10 wt% dissolved in H2O) was cast onto the Au surface to 
impart mechanical stability during the transfer process.  The PVA layer was dried at 85 °C for 5 
min.  A block (approx. 2 cm x 2 cm x 0.7 cm thick) of polydimethylsiloxane (PDMS, Sylgard 
184 Silicon Elastomer, Dow-Corning) was used to transfer the film.  The PDMS was manually 
pressed onto the donor substrate such that it completely conformed to the Au/PVA surface.  The 
PDMS stamp was then rapidly peeled, causing delamination and resulting in the PDMS stamp 
being “inked” with the gold film.  The film was laminated to the receiving, pre-functionalized 
fused silica substrate and heated on a hotplate at 110 °C.  After 90 s of manual pressure, the 
PDMS stamp was slowly peeled from the surface leaving the Au/PVA film bonded to the 
substrate.  The film was kept on the hotplate for another 90 s to finish bonding.  The PVA layer 
was then rinsed away under flowing water.  A depiction of this test structure is shown in Figure 
3.1.  After transfer printing the Au film onto the functionalized substrates, a 400 nm thick Al 
absorbing layer was electron-beam evaporated on to the backside followed by spin casting a 1 
µm sodium silicate (waterglass) confining layer to prepare sample for stress-wave generation. 
3.2.2. Monolayer surface characterization and analysis 
 Monolayer thickness was characterized using a single-wavelength (633 nm) ellipsometer 
(Gaertner L116C).  Because of the similarity in the refractive index of SiO2 and alkyl SAMs, 
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ellipsometry could not be conducted directly on fused silica substrates.  Thus, for ellipsometric 
measurements, SAMs were concurrently deposited on silicon substrates in the same reaction 
vessel.  A refractive index of 1.5 was used for the SAM, and substrate parameters were 
determined from ellipsometric measurements of bare silicon from the same wafer.  A study of 
ATES SAM thickness formed on silicon after 1, 2, 4, 12, and 24 hours in solution determined 
only 1 hr was necessary for monolayer formation as shown in Figure 3.2.  The thickness of the 
SAM layer on the silicon surface doubled after 4 hours in solution and the surface roughness also 
increased with more time in solution. 
 Ellipsometric measurements were taken at three locations on the functionalized surface 
and three measurements were repeated in each location to ensure uniformity of the SAM layer.  
Typical ellipsometric measurements for all SAMs are included in Figure 3.3.  The monolayers in 
this study were on the order of 1 nm when formed properly, a thicker ellipsometric measurement 
indicated high defect formation in the SAM layer.  Specimens with thicker SAM layers were not 
used for interfacial strength measurements. 
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Figure 3.2: Ellipsometric thickness measurements of ATES SAMs 
on silicon substrates after 1, 2, 4, 12, and 24 hours in solution 
with 10 mM of 11-amino-undecyltriethoxysilane and toluene. 
 
 
Figure 3.3: Ellipsometric thickness measurements of ATES (1 hr), 
DTES (24 hr), BrUTMS (24 hr), and MUTMS (24 hr) on silicon. 
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 AFM was performed in tapping mode using a Cypher AFM system (Asylum Research) to 
provide surface height information, from which a surface roughness, the root mean square from 
average (RMS), was calculated. AFM was conducted on at least three different locations on 
surfaces with a typical window of of 1 x 1 μm at a scan rate of 3 Hz.  The RMS surface 
roughness is plotted for each SAM in Figure 3.2 and 3.3.  Well-formed monolayers had a smooth 
surface (Figure 3.4a) with a surface roughness (RMS) of ca. 1.2 Å, whereas multi-layer 
formation (24 hrs in solution) resulted in a much rougher surface (Figure 3.4b) with a roughness 
of ca. 6.6 Å.  
  
(a) (b) 
Figure 3.4: AFM surface height measurement of 1 x 1 μm scans for (a) amine-terminated SAM on 
silicon after 1 hr in solution and (b) multi-layer formation of amine monolayers on silicon after 24 
hrs in solution. 
 
 X-ray photoelectron spectroscopy (XPS, Kratos Axis ULTRA) was used to validate the 
presence of thiol molecules at the surface by distinguishing a signal from the sulfur 2s orbital 
following the protocol developed by Losego et al. [42] to confirm mixed monolayer 
concentrations as shown in Figure 3.5.   An increase in sulfur 2s signal centered at 228 eV is 
demonstrated for increasing concentration of thiol SAMs.   XPS was also used to validate the 
presence of the bromine end-group at the surface by distinguishing a signal from the bromine 3d 
orbital centered at 71 eV (Figure 3.6).  For all XPS analysis, the binding energy of each spectra 
collected was corrected to the carbon 1s photoelectron line, which was set at 285 eV.  XPS 
analysis was also used to analyze failed interfaces (Section 3.3.2.). 
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Figure 3.5: XPS spectra of sulfur 2s orbital for mixed 
monolayers on silicon for 0%, 25%, 50%, 75%, and 100% 
MUTMS to DTES mole percent in solution.  The spectra 
identifies increasing sulfur peak signal for increasing mole 
percent of MUTMS.  Sulfur peaks are expected at 228 eV. 
 
 
Figure 3.6: XPS spectra of bromine 3d orbital for BrUTMS 
monolayer on silicon.  Bromine peaks are expected at 71 eV. 
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3.3. Laser spallation experiments 
3.3.1. Testing parameters 
 The interfacial strength of SAM-mediated interfaces was measured using the laser 
spallation protocol as described in Chapter 2.  A set of calibration experiments with highly 
reflective thin Al films (200 nm) on identical substrates were carried out to determine the 
substrate and interface stresses for a given laser fluence (energy per area).  A calibration set was 
necessary because the SiO2/SAM/Au films partially failed at laser fluences of interest, precluding 
in situ interferometry measurements.  A constant laser spot size of diameter 2 mm was chosen 
for all experiments.  The substrate stress pulse measured during calibration provided input for a 
1D finite element analysis (Section 2.2.3.) that calculated the interface stress for a 150 nm Au 
film.  All of the necessary film and substrate properties for the finite element calculations are 
provided in Table 3.1.  The peak interface stress for each substrate stress pulse was averaged for 
the corresponding laser fluence.  As shown in Figure 3.7, interface stress increased linearly with 
laser fluence. 
 
Table 3.1:  Material properties for stress calculations. 
Material Density (kg/m3) Poisson’s Ratio Thickness Elastic Modulus (GPa) 
Fused Silica 2330 0.28 1.5 mm 77.6 
Au 19300 0.42 150 nm 77 
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Figure 3.7: Peak interface stress for increasing laser fluence.  
Error bars represent standard deviation for at least 5 calibration 
experiments at each fluence.  A least squares regression line was 
fit to the data and shown in red. 
 
3.3.2. Characterization of failed interfaces 
 After testing, the loaded regions of the SiO2/SAM/Au films were examined by optical 
microscopy.  Figure 3.8 contains representative images of Au films tested at increaseing 
interfacial stress for each of the different SAMs investigated: (a-d) DTES, (e-h) ATES, (i-l) 
BrUTMS, and (m-p) MUTMS.  Black areas in the optical images correspond to regions of 
delamination where the Au film has separated from the substrate.  Delamination failure of the 
SiO2/DTES/Au specimens occurred at significantly lower interface stress amplitudes than the 
SiO2/MUTMS/Au specimens.  The effect of mixed monolayers at the interface was also 
investigated.  Figure 3.9 includes representative optical images of Au films tested at increasing 
interfacial stress levels and different mole percent MUTMS in solution: (a-d) 0% (DTES), (e-h) 
25%, (i-l) 50%, (m-p) 75% and (q-t) 100% (MUTMS).  
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Figure 3.8: Optical images of delamination damage (black areas) caused by laser 
spallation to (a-d) DTES interfaces, (e-h) ATES, (i-l) BrUTMS, and (m-p) MUTMS 
interfaces at increasing stress amplitudes: (a,e,i,m) <18 MPa, (b,f,j,n) 18 MPa, (c,g,k,o) 
31 MPa, and (d,h,l,p) 74 MPa. Scale bars are 500 μm 
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Figure 3.9: Optical images of delamination damage (black areas) caused by laser 
spallation to (a-d) DTES interfaces, (e-h) 25 mole % MUTMS, (i-l) 50 mole % MUTMS, 
(m-p) 75 mole % MUTMS and (q-t) 100 mole % MUTMS interfaces at increasing stress 
amplitudes: (a,e,i,m,q) <18 MPa, (b,f,j,n,r) 18 MPa, (c,g,k,o,s) 31 MPa, and (d,h,l,p,t) 74 
MPa. Scale bars are 500 μm. 
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 All specimens that were tested at higher fluences, loading to higher interface stress 
amplitudes than in Figure 3.8 and 3.9, incurred further delamination of the film.  At very high 
tensile stress amplitudes, the film completely delaminates from the substrate leaving a distinct 
spallation region as shown in Figure 3.10. 
 
 
Figure 3.10: Optical image of spalled region 
(dark area) caused by laser spallation at fluence 
of 50 mJ/mm2 (stress amplitude of 230 MPa) on a 
fused silica substrate functionalized with 
BrUTMS.  Scale bar is 500 μm. 
 
 The failed regions were examined by XPS and compared with the spectra of a pristine 
SAM surface.  The BrUTMS and MUTMS were investigated as their XPS spectra contain atoms 
with distinguishable binding energies.  BrUTMS SAMs contain a bromine terminating chemistry 
where XPS can distinguish a signal from the Br 3d orbital centered at 71 eV.  MUTMS SAMs 
contain a thiol-terminating chemistry where XPS can distinguish a signal from the sulfur 2s 
orbital centered at 228 eV. The XPS spectra obtained in the debonded portion of a tested 
specimen is compared to a bare fused silica substrate and a pristine SAM on fused silica in 
Figure 3.11 and Figure 3.12, for BrUTMS and MUTMS SAMs, respectively.  Therefore, any 
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difference in peak signal between the surface control monolayer and within spalled regions 
measured by XPS is the direct result of debonding the Au film during laser spallation testing. 
 
 
Figure 3.11: XPS spectra for (i) BrUTMS-functionalized fused 
silica (FS) substrate, (ii) five separate spallation regions of 
FS/BrUTMS/Au specimens and (iii) bare substrate. 
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Figure 3.12: XPS spectra for (i) MUTMS-functionalized fused 
silica (FS) substrate, (ii) five separate spallation regions of 
FS/MUTMS/Au specimens and (iii) bare substrate. 
 
 The obvious difference in peak height in Figure 3.11 demonstrates that Br atoms have 
been removed from the surface during the spallation event.  High interfacial stresses resulted in 
dynamic debonding of the Au film causing Br atoms to be expelled from the loaded region.  The 
spectra from debonded regions for specimens with interfacial MUTMS SAMs showed a less 
dramatic change in peak height.  The rapid debonding of the Au film caused thiol molecules to 
be expelled from the surface, however, there is a weaker detectable signal near the binding 
energy expected for sulfur atoms. 
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3.3.3. Interfacial strength 
 The interfacial strength of SAM functionalized interfaces was determined by systematic 
testing to find the lowest fluence and corresponding peak interface stress that induced film 
failure.  Failure observations are summarized in Figure 3.13, which shows the statistical nature 
of the interfacial failure process.  For example, a peak interface stress of 31 MPa, 100% of  
DTES and ATES specimens failed, 44% of BrUTMS specimens failed and 0% of the MUTMS 
specimens failed (Figure 3.13a).  Figure 3.13b shows failure data for FS/SAM/Au specimens 
with mixed monolayer SAMs: 0% (DTES), 25%, 50%, 75%, and 100% (MUTMS).  Over 750 
film sites were tested across the 7 interfacial chemistries and 8 interface stress loading conditions.  
The number of tests in the range of interest for each SAM was always greater than or equal to 10.  
The statistical distribution of failure stress was fit to a Weibull distribution [43], 
, (3.1) 
 
where ! , is peak interface stress and ! and !  are Weibull parameters.  The Weibull 
parameters varied for each SAM type and are included in Table 3.2.  Also included are the RMS 
values between the fit and the experimental data, the strength of each interface and the 
uncertainty in the strength calculation.  The RMS is computed from, 
1
n [F(! i )" y(! i )]
2
i=1
n
# , (3.2) 
 
where F(! i )  is calculated using Eq. 3.1, y(! i )  is the experimental film failure data, and ! i  is 
the interface stress loading. 
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The Weibull parameters, ! and ! , correspond to the probability density function [43] 
. (3.3) 
 
The mean of f (! ) , , is calculated using, 
, (3.4) 
 
where  is the gamma function.  Similarly the variance, ! sd2 , is calculated using, 
! sd
2 =" 2#(1+ 2
$
)% µ2 . (3.5) 
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(a) 
 
(b) 
Figure 3.13: Observed failure rate of FS/SAM/Au interfaces as a 
function of interface stress for (a) ATES, DTES, BrUTMS, 
MUTMS and (b) mixed monolayers of MUTMS to DTES in 
solution at 0%, 25%, 50%, 75% and 100% concentrations.  
Experimental data is represented by symbols and the associated 
Weibull curve fit is plotted for each SAM. 
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Table 3.2: Interface strength for each SAM and corresponding Weibull parameters. 
SAM Strength (μ + σsd) MPa 
Strength uncertainty 
MPa α parameter β parameter RMS 
ATES 19 1.7 18.31 14.82 .000200 
DTES 20 1.3 18.59 9.59 .000002 
25% 22 1.0 20.01 7.96 .040825 
50% 32 1.9 28.00 4.48 .047183 
75% 61 6.2 48.28 2.65 .055046 
MUTMS 80 6.5 70.85 5.22 .057559 
BrUTMS 52 5.4 40.18 2.30 .053782 
 
 Both the onset of interfacial failure and 100% failure occur at higher stresses for the 
MUTMS/Au as compared to both ATES/Au and DTES/Au, confirming the stronger bonding at 
the thiol-Au interface.  The BrUTMS/Au interface exhibited a failure strength between 
DTES/Au and MUTMS/Au interfaces.  One possibility is that the heavier Bromine moiety 
induces stronger van der Waals forces than either a methyl or an amine moiety thus leading to 
higher interfacial strength.  For mixed monolayers of DTES and MUTMS, the onset of film 
failure occurred at higher interface stresses with increased incorporation of thiol-terminated 
SAMs. 
 The interface strength was determined by calculating the mean and standard deviation, 
µ +! sd , of the Weibull model corresponding to an approximate failure rate of 85-90%.  The 
interfacial strengths for all of the SAMs investigated are plotted in Figure 3.14 and summarized 
in Table 3.2.  Interfacial strengths of 19 MPa, 20 MPa, 52 MPa, and 80 MPa were measured for 
substrates functionalized with ATES, DTES, BrUTMS, and MUTMS respectively.   The 
interface strengths for 25%, 50%, and 75% MUTMS monolayers were 22 MPa, 32 MPa, and 61 
MPa respectively.  Increased incorporation of MUTMS SAMs in mixed monolayers resulted in 
increased interfacial strength.  As expected, SAM termination chemistry significantly influenced 
the interfacial adhesion between the transfer printed Au film and the SiO2 substrate. 
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Figure 3.14: The interface strength for all SAMs investigated.  The error 
bars represent the uncertainty in the Weibull fit arising from 
experimental error. 
 
 The interface strength for each of the different SAM chemistries was also compared with 
prior thermal conductance measurements by Losego et al. [42].  The relationship between 
interfacial bonding character and thermal conductance at the atomic level was demonstrated 
experimentally using a combination of ultra-fast pump-probe techniques (time-domain 
thermoreflectance and picrosecond acoustics) and the laser spallation technique.  As shown in 
Figure 3.15, a strong correlation developed between thermal conductance and interface strength. 
The varying density of covalent bonds within the SAM bonding layer modulated both interfacial 
strength and interfacial thermal conductance. 
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Figure 3.15: Tuning both interfacial strength and thermal conductance with a 
single monolayer.  Thermal conductance measurements from [42]. Error bars for 
thermal conductance measurements are estimated at 5%. 
 
3.3.4. Surface roughness effects 
 The strength of the interface between a MUTMS-functionalized silicon substrate and Au 
film was also investigated.  The native oxide layer on Si substrates has a significantly lower 
surface roughness than FS substrates.  The surface roughness of various interfaces was measured 
by AFM scans 1 x 1 μm in size (Figure 3.16).  The RMS roughness was calculated from the 
entire surface area in each image, yielding roughness values of 7.4 Å, 1.2 Å, 2.7 Å and 16.1 Å 
for FS/MUTMS, Si/MUTMS, the underside of an Au film, and top surface of an Au film, 
respectively.  The surface roughness of the underside of an Au film was measured by removing 
an Au film from a donor substrate but instead of transfer printing, the mating surface of the film 
is turned upward in the AFM.  The surface morphology of the underside of the Au film (Figure 
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3.16c) and the top surface of the Au film (Figure 3.16d) differed significantly.  Grain sizes on the 
surface of the film (Figure 3.16d) were on the order of 50 nm, typical for physical vapor 
deposition of Au films [44].  In contrast, the underside of the Au film was an order of magnitude 
smoother than the top surface due to bombardment on the donor substrate surface during 
deposition.  Also, the surface roughness of a MUTMS-functionalized fused silica surface was 6 
times greater than the surface roughness of a MUTMS-functionalized silicon surface.  For the 
three surfaces that come into contact (Figure 3.16a-c), the highlighted line traces of the AFM 
scans are plotted in Figure 3.17. 
 Overall, the roughness of bare substrates was comparable to the SAM-functionalized 
substrate.  The addition of the self-assembled monolayer did not significantly affect the surface 
roughness of the substrate.  Some defects (30-50 nm) in the SAM layer are also evident in Figure 
3.16b.  	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(a) (b) 
  
(c) (d) 
Figure 3.16: AFM scans are shown for (a) MUTMS functionalized fused silica substrate, (b) 
MUTMS functionalized Si substrate, (c) underside of a Au transfer-printed film and (d) top 
surface of Au film.  A subset of the blue trace shown in green is plotted in Figure 3.16.  
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Figure 3.17: Surface height profile of AFM scans for a MUTMS 
functionalized fused silica substrate, MUTMS functionalized silicon 
substrate and the underside of a transfer-printed Au film.  The AFM 
scans are shown in Figure 3.15a-c. 
 
 Si/MUTMS/Au specimens were prepared for laser spallation testing.  Polished silicon 
wafers were functionalized with MUTMS and Au films (150 nm) were transfer printed following 
the standard protocol described earlier.  The films were loaded by incrementing the laser fluence 
and calibration experiments were performed to obtain the interface stress at each laser fluence.  
Calibration curves on silicon for two fluences are shown in Figure 3.18.  The interface stress 
required to delaminate the Au film from the MUTMS-functionalized silicon substrate was over 
200 MPa (Figure 3.19), a 250% increase over MUTMS-functionalized fused silica substrates. 
The lower roughness of the silicon substrates is hypothesized to have increased the contact area 
between the SAM surface and the transfer-printed Au film leading to an increased interface 
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strength.  Because the thiol termination bonds covalently with Au, the increase in interface 
strength is likely due to an increase in covalent bonds formed between the thiol-SAM and Au 
film. 
 
Figure 3.18: Interface stress calibration curves for silicon 
substrates shown for two fluences: 30 mJ/mm2 and 50 mJ/mm2. 
Inset: Corresponding substrate stress input pulses. 
 
 
Figure 3.19: Optical images of loaded Au films on 
MUTMS-functionalized Si substrates at two peak 
interface stresses: (a,c) 185 MPa and (b,d) 220 MPa. 
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3.4 Conclusions 
 The interface between fused silica substrates and transfer printed Au films was 
systematically varied with different SAMs.  SAM termination chemistries of methyl, bromine, 
amine, thiol and mixed monolayers were investigated.  The strength of the SiO2 – Au interface 
was tested using laser-induced stress waves.  Calibration experiments were performed to relate 
laser fluence to interface stress.  Specimens were loaded over a range of interface stresses and 
optical images were taken of loaded regions.  Increased laser fluence and associated calibrated 
interface stress increased the size of delaminated regions of Au films.  At high interface stresses 
much greater than the critical interface stress, the Au film in loaded regions completely 
debonded from the SAM-functionalized SiO2 surface.  XPS within the large debonded regions 
demonstrated the rapid spallation of the Au film affected the interfacial chemistry of the SAM 
layer.  The spectra obtained from debonded regions of BrUTMS and MUTMS functionalized 
interfaces indicated that surface bromine atoms and thiol molecules were mostly expelled from 
the surface.  In the case of MUTMS functionalized interfaces, the spectra indicated some thiol 
molecules were still left in the debonded region.  Though the spectra revealed some thiol may 
still be present in the spalled regions, it was a significantly reduced number from a pristine 
monolayer. 
 Specimens with amine and methyl terminated SAMs had the weakest interfacial strength.  
Bromine terminated SAMs led to an interfacial strength approximately half way between the 
intefacial strength of methyl and thiol SAMs.  There is a distinct, positive relationship between 
thermal conductance and interfacial strength for the SAM interfacial chemistries investigated.  
Higher interfacial strength was associated with higher thermal conductance. 
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 The effect of surface roughness on interface strength for thiol-terminated SAMs was 
investigated by comparing the strength of two SiO2/SAM/Au structures with different substrate 
surface roughness.  The interface strength of MUTMS-functionalized silicon was 250% higher 
than MUTMS-functionalized fused silica substrates.  The reduced roughness of the silicon 
substrates increased the contact area between the SAM surface leading to more possible 
locations for covalent bonding to occur and thus an increase in interface strength. 
 Similar to polyimide films on silicon substrates (Chapter 2), the surface chemistry 
critically influenced the interface strength of the FS/Au system.  In this chapter, adhesion was 
systematically controlled by tuning the end group chemistry of a single layer of molecules 
between thin Au films and SiO2 substrates.  
	   77 
3.5. References 
[1] Zhuk, A. V., Evans, A. G., Hutchinson, J. W., Whitesides, G. M., "The adhesion energy 
between polymer thin films and self-assembled monolayers," J. Mater. Res., 1998, 13, 
3555-3564. 
[2] Feresenbet, E., Raghavan, D., Holmes, G. A., "The role of the terminal functional group 
of self-assembled monolayers on fiber matrix adhesion," J. Appl. Polym. Sci., 2007, 106, 
462-469. 
[3] Zou, L., De Guire, M., Wang, R., "Effect of organic self-assembled monolayers on the 
deposition and adhesion of hydroxyapatite coatings on titanium," Int. J. Mater. Res., 
2006, 97, 760-767. 
[4] Caro, A. M., Armini, S., Richard, O., Maes, G., Borghs, G., Whelan, C. M., Travaly, Y., 
"Bottom-Up Engineering of Subnanometer Copper Diffusion Barriers Using NH2-
Derived Self-Assembled Monolayers," Adv. Funct. Mater., 2010, 20, 1125-1131. 
[5] Jang, E. J., Park, Y. B., Lee, H. J., Choi, D. G., Jeong, J. H., Lee, E. S., Hyun, S., "Effect 
of surface treatments on interfacial adhesion energy between UV-curable resist and glass 
wafer," Int. J. Adhes. Adhes., 2009, 29, 662-669. 
[6] Kent, M. S., Reedy, E. D., Yim, H., Matheson, A., Sorenson, J., Hall, J. et al., "Using 
self-assembling monolayers to study crack initiation in epoxy/silicon joints," J. Mater. 
Res., 2004, 19, 1682-1695. 
[7] Kent, M. S., Yim, H., Matheson, A., Cogdill, C., Nelson, G., Reedy, E. D., "Use of self-
assembled monolayers at variable coverage to control interface bonding in a model study 
of interfacial fracture: Pure shear loading," J. Adhesion, 2001, 75, 267-298. 
[8] Kinloch, A. J., Tan, K. T., Watts, J. F., "Novel self-assembling silane for abhesive and 
adhesive applications," J. Adhesion, 2006, 82, 1117-1132. 
[9] Smith, J. W., Kramer, E. J., Mills, P. J., "Tailored Adhesion at Polymer Nonpolymer 
Interfaces," J. Polym. Sci. Part B: Polym. Phys., 1994, 32, 1731-1744. 
[10] Liechti, K. M., Na, S. R., Wakamatsu, M., Seitz, O., Chabal, Y., "A High Vacuum 
Fracture Facility for Molecular Interactions," Exp. Mech., 2013, 53, 231-241. 
[11] Mello, A. W., Liechti, K. M., "A piezoelectric biaxial loading device for interfacial 
fracture experiments," Exp. Mech., 2004, 44, 495-501. 
[12] Mello, A. W., Liechti, K. M., "The effect of self-assembled monolayers on interfacial 
fracture," J. Appl. Mech.-T. Asme, 2006, 73, 860-870. 
[13] Gandhi, D. D., Lane, M., Zhou, Y., Singh, A. P., Nayak, S., Tisch, U. et al., "Annealing-
induced interfacial toughening using a molecular nanolayer," Nature, 2007, 447, 299-
U292. 
[14] Bush, B. G., Del Rio, F. W., Jaye, C., Fischer, D. A., Cook, R. F., "Interfacial Mechanical 
Properties of n-Alkylsilane Monolayers on Silicon Substrates," J. Microelectromech. 
Syst., 2013, 22, 34-43. 
[15] Houston, J. E., Doelling, C. M., Vanderlick, T. K., Hu, Y., Scoles, G., Wenzl, I., Lee, T. 
R., "Comparative study of the adhesion, friction, and mechanical properties of CF3- and 
CH3-terminated alkanethiol monolayers," Langmuir, 2005, 21, 3926-3932. 
[16] Houston, J. E., Kim, H. I., "Adhesion, friction, and mechanical properties of 
functionalized alkanethiol self-assembled monolayers," Acc. Chem. Res., 2002, 35, 547-
553. 
	   78 
[17] Kim, H. I., Houston, J. E., "Separating mechanical and chemical contributions to 
molecular-level friction," J. Am. Chem. Soc., 2000, 122, 12045-12046. 
[18] Chandross, M., Webb, E. B., Stevens, M. J., Grest, G. S., Garofalini, S. H., "Systematic 
study of the effect of disorder on nanotribology of self-assembled monolayers," Phys. 
Rev. Lett., 2004, 93. 
[19] DelRio, F. W., Jaye, C., Fischer, D. A., Cook, R. F., "Elastic and adhesive properties of 
alkanethiol self-assembled monolayers on gold," Appl. Phys. Lett., 2009, 94. 
[20] Kiely, J. D., Houston, J. E., Mulder, J. A., Hsung, R. P., Zhu, X. Y., "Adhesion, 
deformation and friction for self-assembled monolayers on Au and Si surfaces," Tribol. 
Lett., 1999, 7, 103-107. 
[21] Kim, H. I., Boiadjiev, V., Houston, J. E., Zhu, X. Y., Kiely, J. D., "Tribological 
properties of self-assembled monolayers on Au, SiOx and Si surfaces," Tribol. Lett., 2001, 
10, 97-101. 
[22] Lee, D. H., Kim, D., Oh, T., Cho, M., "Phase state effect on adhesion behavior of self-
assembled monolayers," Langmuir, 2004, 20, 8124-8130. 
[23] Tambe, N. S., Bhushan, B., "Nanotribological characterization of self-assembled 
monolayers deposited on silicon and aluminium substrates," Nanotechnology, 2005, 16, 
1549-1558. 
[24] Wong, S. S., Takano, H., Porter, M. D., "Mapping orientation differences of terminal 
functional groups by friction force microscopy," Anal. Chem., 1998, 70, 5209-5212. 
[25] Xu, C., Jones, R. L., Batteas, J. D., "Dynamic variations in adhesion of self-assembled 
monolayers on nanoasperities probed by atomic force Microscopy," Scanning, 2008, 30, 
106-117. 
[26] Yang, Y. T., Jamison, A. C., Barriet, D., Lee, T. R., Ruths, M., "Odd-Even Effects in the 
Friction of Self-Assembled Monolayers of Phenyl-Terminated Alkanethiols in Contacts 
of Different Adhesion Strengths," J. Adhes. Sci. Technol., 2010, 24, 2511-2529. 
[27] Wang, M. J., Liechti, K. M., Srinivasan, V., White, J. M., Rossky, P. J., Stone, M. T., "A 
hybrid continuum-molecular analysis of interfacial force microscope experiments on a 
self-assembled monolayer," J. Appl. Mech.-T. Asme, 2006, 73, 769-777. 
[28] Wang, M. J., Liechti, K. M., Wang, Q., White, J. M., "Self-assembled silane monolayers: 
Fabrication with nanoscale uniformity," Langmuir, 2005, 21, 1848-1857. 
[29] Wang, M. J., Liechti, K. M., White, J. M., Winter, R. M., "Nanoindentation of polymeric 
thin films with an interfacial force microscope," J. Mech. Phys. Solids, 2004, 52, 2329-
2354. 
[30] Stephens, A. W., Vossen, J. L., "Measurement of Interfacial Bond Strength by Laser 
Spallation," J. Vac. Sci. Technol., 1976, 13, 38-39. 
[31] Gupta, V., Argon, A. S., Parks, D. M., Cornie, J. A., "Measurement of Interface Strength 
by a Laser Spallation Technique," J. Mech. Phys. Solids, 1992, 40, 141-180. 
[32] Gupta, V., Hernandez, R., Wu, J. X., Charconnet, P., "Interfacial adhesion and its 
degradation in selected metal/oxide and dielectric/oxide interfaces in multi-layer 
devices," Vacuum, 2000, 59, 292-300. 
[33] Gupta, V., Hernandez, R., Charconnet, P., "Effect of humidity and temperature on the 
tensile strength of polyimide/silicon nitride interface and its implications for electronic 
device reliability," Mater. Sci. Eng., A, 2001, 317, 249-256. 
[34] Wang, J. L., Weaver, R. L., Sottos, N. R., "A parametric study of laser induced thin film 
spallation," Exp. Mech., 2002, 42, 74-83. 
	   79 
[35] Kandula, S. S. V., Hartfield, C. D., Geubelle, P. H., Sottos, N. R., "Adhesion strength 
measurement of polymer dielectric interfaces using laser spallation technique," Thin Solid 
Films, 2008, 516, 7627-7635. 
[36] Gao, J. P., Luedtke, W. D., Landman, U., "Friction control in thin-film lubrication," J. 
Phys. Chem. B, 1998, 102, 5033-5037. 
[37] Heinz, H., Vaia, R. A., Farmer, B. L., Naik, R. R., "Accurate Simulation of Surfaces and 
Interfaces of Face-Centered Cubic Metals Using 12-6 and 9-6 Lennard-Jones Potentials," 
J. Phys. Chem. C, 2008, 112, 17281-17290. 
[38] Luedtke, W. D., Landman, U., "Structure and thermodynamics of self-assembled 
monolayers on gold nanocrystallites," J. Phys. Chem. B, 1998, 102, 6566-6572. 
[39] Ramin, L., Jabbarzadeh, A., "Effect of Load on Structural and Frictional Properties of 
Alkanethiol Self-Assembled Mono layers on Gold: Some Odd-Even Effects," Langmuir, 
2012, 28, 4102-4112. 
[40] Loo, Y. L., Lang, D. V., Rogers, J. A., Hsu, J. W. P., "Electrical contacts to molecular 
layers by nanotransfer printing," Nano Lett., 2003, 3, 913-917. 
[41] Meitl, M. A., Zhu, Z. T., Kumar, V., Lee, K. J., Feng, X., Huang, Y. Y. et al., "Transfer 
printing by kinetic control of adhesion to an elastomeric stamp," Nat. Mater., 2006, 5, 33-
38. 
[42] Losego, M. D., Grady, M. E., Sottos, N. R., Cahill, D. G., Braun, P. V., "Effects of 
chemical bonding on heat transport across interfaces," Nat. Mater., 2012, 11, 502-506. 
[43] Murthy, D. N. P., Xie, M., Jiang, R., Weibull models. Hoboken, N.J.: J. Wiley, 2004. 
[44] Ayoub, S., Beaulieu, L. Y., "The surface morphology of thin Au films deposited on 
Si(001) substrates by sputter deposition," Thin Solid Films, 2013, 534, 54-61. 
 	    
	   80 
Chapter 4 Mechanochemically active interfaces 
4.1. Shockwave loading of spiropyran-linked polymer films* 
4.1.1. Introduction 
 Mechanochemically active polymers elicit an advantageous chemical reaction in response 
to mechanical force as discussed in Section 1.1.3.  A force-sensitive chemical unit 
(mechanophore) is linked into a polymer backbone and mechanical loading drives conversion of 
the mechanophore to a new chemical species.  Spiropyran (SP) is an effective mechanophore, 
undergoing a force-induced ring opening reaction from SP to a merocyanine (MC) form under a 
variety of loading conditions in bulk polymers [1-4].  This conversion is accompanied by a color 
change and the emergence of a strong fluorescence signal in the visible range [3,4].  SP has 
previously been linked into both glassy and elastomeric polymer backbones (Figure 1.5a).  In 
elastomeric polymers, activation occurs at relatively high stretch ratios (λ > 3) and exhibits high 
strain rate dependency [5].  Higher strain rates lead to activation at lower stretch ratios but 
requires higher stress levels.  In SP-linked glassy polymers, activation of mechanophores 
requires the onset of plastic deformation and also exhibits a strong strain rate dependence for 
activation [3,4].  For SP-cross-linked PMMA subject to torsion loading, activation stress 
increases with increasing shear rate [4]. 
 Motivated by the ability of thin films to deform plastically, as opposed to bulk polymers 
where brittle facture can occur prior to the onset of plastic deformation [6], thin films of SP-
linked polymer on a rigid substrate are examined subject to high strain rate loading. 
Mechanochemically active polymer thin film behavior was probed using the laser spallation 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  *	  Significant portions of this section are to appear in Grady et al. ACS Applied Materials & Interfaces (accepted)	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technique described in Section 1.2.2.  In this method, a high energy laser pulse is incident on an 
absorbing surface, which converts laser energy into a high amplitude compressive stress pulse, 
and is ultimately transferred to a tensile stress pulse across the film (Figure 4.1a).  This test 
method was selected because the loading is highly repeatable and non-contact.  Additionally, 
high strain rates are achieved in thin film specimens, and the method enables multiple tests 
without having to synthesize significant amounts of material.  Strain rates achieved by this test 
method are typically on the order of 107-108 s-1, enabling characterization of mechanophore 
behavior under high strain rates and high stresses. 
  
(a) (b) 
Figure 4.1: High strain rate shockwave loading of mechanophore-linked polymer films.  (a)  
Experimental set-up for the production of laser-induced stress waves.  (b) Schematic of thin 
film/substrate specimens.  Relevant layer thicknesses are included in parenthesis. 
 
4.1.2. Thin film sample preparation 
 SP-linked polystyrene (PS) was synthesized using an ATRP method, described by 
Matyjaszewski [7].  Following Davis et al. [1], SP with α-bromo ester functionality at two sites 
on the molecule acted as the living radical initiator for polymerization of styrene (Figure 4.2, 1a).  
By this method a high molecular weight (160 kDa) polymer with a Tg of 105 °C and PDI of 2.0 
was synthesized with SP covalently bonded roughly into the center of the polymer backbone.  
Active SP-linked PS was structured such that the polymer chain transmitted force across the 
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force-sensitive spiro bond of the mechanophore.  A difunctional control SP-linked PS polymer 
was synthesized with the SP in the center of the chain (similar to the active mechanophore) but 
with the polymer chains only linked to one side of the spiro-junction (Figure 4.2, 2b).  This 
placement allowed the transfer of force to the SP but not the spiro-fused C-O bond specifically.  
After synthesis, the polymer was dried under vacuum.  Before testing, all specimens were 
polished and SP-linked polymers were held at 80 °C and were irradiated with a 530 nm diode 
lamp for 24 hours to drive the active species toward the ring-closed SP form (Figure 4.2, 1a). 
 Thin film specimens were prepared by spin coating a 50 mg/mL solution of polymer/THF 
on to substrates with a 5 s ramp to 1500 rpm for 60 s.  After film deposition the sample was held 
under vacuum for 30 minutes to remove residual solvent and minimize any plasticization of the 
polymer.  Three sample types of polymer films were investigated: plain polystyrene without SP 
linked into the backbone, difunctional SP-linked control PS, and mechanochemically active SP-
linked PS.  All sample films were spun cast under the same conditions.  Polymer film thickness 
was on average 1.1 μm as determined by stylus profilometry.  Substrates for Nd:YAG laser-
induced shockwave loading (Figure 1b) consisted of a fused silica wafer (1.25” diameter, 1.5 
mm thick) with an aluminum layer (400 nm thick) deposited on one side via electron beam 
deposition, and a 1 μm sodium silicate layer (water glass, spin coated at 3000 rpm) deposited 
from solution on top of the aluminum.  Polymer films for testing were spun cast on the opposite 
side of the substrate.  Additional calibration samples were produced with aluminum (200 nm 
thick) as the test film. 
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Figure 4.2: Synthesis of vinyl polymers from α-bromo ester functionalized initiators.  (1a) Active SP, (1b) 
active SP-linked polymer, and (1c) ring-opened MC.  (2a) Difunctional control SP, (2b) difunctional 
control SP-linked polymer, and (2c) difunctional control MC, driven to this form by UV light.  (3a) 
Methyl-2-bromopropionate and (3b) plain polymer control. 
 
4.1.3. Shockwave loading experiments 
 The thin film polymer specimens in this work are not specular, precluding in situ 
interferometric data collection.  In order to determine the substrate and interface stresses for a 
given laser fluence (energy per area), a set of interferometric measurements were carried out on 
calibration specimens with highly reflective thin Al films (200 nm) on the top surface of 
identical substrates to the polymer thin film test specimens.  The displacement of the free surface 
and corresponding substrate stress was recorded as described previously in Section 1.2.2.  Using 
the measured stress pulses as input for a 1D finite element model, the interface stress and 
resulting strain was calculated over a range of fluences for polystyrene films on fused silica 
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substrates.  The difference in thickness and stiffness between the aluminum calibration films and 
the polystyrene films was accounted for in the stress calculations.  Details of the stress analysis 
are described by Grady et al. [8]. 
 Laser fluence was varied by incrementally adjusting the energy of the Nd:YAG laser 
while keeping the beam diameter constant at 1.9 mm.  Aluminum calibration films and polymer 
films were tested over the same range of laser fluences at a number of sites on the same film.  
Separation between impact sites along the sample was greater than 3x the radius of the laser 
beam.  Representative substrate stress profiles from the calibration and the corresponding 
interface stress from finite element analysis are shown in Figure 4.3 for a 1.1 μm polystyrene 
film tested at laser fluences of 20.2 mJ/mm2, 34.8 mJ/mm2, and 53.1 mJ/mm2. 
 Polymer films were imaged after testing at each stress level and analyzed ex situ optically 
and under fluorescence microscopy with 532 nm excitation light and collection at λ > 575 nm.  
The field of view, incident light intensity, and fluorescence exposure were held constant for all 
imaging.  Fluorescence intensity due to SP activation was quantified by averaging the red pixel 
intensity over the entire image field of view. 
 Active and control polymer thin films were tested at various fluences using laser-induced 
stress waves.  The intensity of the laser pulse increased with increasing input laser energy.  For 
the highest laser fluence (53.1 mJ/mm2) substrate stress amplitudes reached values of nearly 1 
GPa.  The corresponding stress wave in the film (Figure 4.3b) was calculated from the substrate 
stress (Figure 4.3a) and the material properties in Table 4.1.  Film stresses greater than 200 MPa 
were achieved at strain rates on the order of 108 s-1.  The mechanical responses of plain PS 
control, difunctional control SP-linked PS, and active SP-linked PS, were qualitatively similar, 
while optical responses varied significantly. 
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Table 4.1:  Material properties for stress calculations. 
Material Density (kg/m3) Wave Speed (m/s) Thickness (μm) Elastic Modulus (GPa) 
Fused Silica 2330 5940 1500 77.6 
Polystyrene 1100 1567 1.1 2.7 
 
  
(a) (b) 
Figure 4.3: Experimental data for calibration samples tested at laser fluences of 20.2 mJ/mm2, 34.8 
mJ/mm2, and 53.1 mJ/mm2. (a) Substrate stress pulse profiles and (b) Corresponding film stress 
calculated by finite element analysis for polystyrene films. 
 
4.1.4. Results 
 Representative optical, fluorescence, and profilometry images for mechanochemically 
active SP-linked PS films loaded at a range of film stresses from 166-216 MPa are shown in 
Figure 4.4.  In the optical images, the dark coloring of the background occurred where the laser 
was incident on the back surface.  Light areas and coloration indicated polymer film 
delamination from the surface and deformation out of the plane of the image.  At a peak film 
stress of 160 MPa, the polymer film began to delaminate from the silica substrate (Figure 4.4a).  
Figures 4.4b-c show the increasing delamination zone with increasing peak film stress (186 MPa 
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and 216 MPa, respectively), which is roughly circular, in accordance with the incident laser 
beam. 
 Activation of SP was indicated by fluorescence signal from the MC form.  Fluorescence 
signal was not detectable in the polymer films prior to testing, implying that the mechanophore 
was predominantly in the SP form.  SP activation occurred at peak film stress levels greater than 
180 MPa (Figure 4.4e-f).  Although delamination initiated at lower stresses (σf ≈ 160 MPa – 175 
MPa), SP activation was not detectable at these values. 
 Surface topology of the failed films was characterized by stylus profilometry (P-6 KLA 
Tencor) for each fluence (Figure 4.4g-i).  Slight elevation changes in the film (10s of nm) were 
measured for film stresses above approximately 160 MPa, indicating partial delamination of the 
film off of the substrate.  Below this stress level (< 160 MPa) the film surface was uniform.  At 
higher stresses, fold-like features with elevation on the order of microns were present, as well as 
film cracking. 
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Figure 4.4: Images of active SP-linked PS films after Nd:YAG-induced shockwave loading at interfacial 
tensile stress levels of 166 MPa, 186 MPa, and 216 MPa, from left to right.  (a-c) Optical images of 
polymer films.  (d-f) Optical fluorescence images, indicating SP activation.  (g-i) Corresponding contour 
plots of surface elevation measured by profilometry.  Scale bars in each image are 150 µm. 
 
 Mechanochemically-induced fluorescence was compared for identical loading conditions 
in active, difunctional control, and plain polystyrene, plotted in Figure 4.5.  For active SP-linked 
PS, the relative amount of fluorescence increased with increasing applied load.  At film stresses 
greater than 200 MPa, fluorescence intensity plateaued, reaching a level of saturation.  Plain PS, 
without SP incorporated into the polymer backbone, emitted no detectable fluorescence.  The 
fluorescence signal detected for difunctional control was negligible compared with active SP-
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linked PS.  This difference in signal provided evidence that the fluorescence increase in the 
active polymer was due to force transfer across the molecule (Figure 4.2). 
 
 
Figure 4.5: Fluorescence intensity (average red 
pixel intensity), indicating SP activation in active, 
difunctional control and plain control (no SP) PS 
films at varying stress amplitude.  One 
measurement was taken at each interfacial stress. 
 
 For comparison, bulk tensile specimens of PS were tested under quasi-static conditions.  
Bulk polymer samples deformed elastically at room temperature and experienced brittle failure at 
stresses of ca. 60 MPa.  In contrast to thin film specimens, this mode of deformation and failure 
did not lead to detectable activation of SP in bulk specimens as evaluated by fluorescence 
microscopy.  In previous studies, successful activation of mechanochemical species in glassy 
polymers was only achieved after plasticizing the polymer or elevating the test temperature to 
promote plastic deformation [3].  This study utilized thin films of mechanochemically active 
polymer (as opposed to bulk material) and a shockwave loading method as a means for 
activating SP in a glassy polymer system. 
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4.1.5. Discussion 
 Mechanochemically induced fluorescence was observed in glassy SP-linked polystyrene 
thin films under high strain rate conditions.  Activation of SP via fluorescence microscopy 
occurred after a stress threshold of approximately 180 MPa, corresponding to a strain of 7%.  
Increased stress levels led to higher intensity of fluorescence until reaching saturation.  
Interestingly, bulk specimens tested at slow strain rates showed no evidence of activation via 
fluorescence microscopy, even at failure strains of approximately 8%.  Under these loading 
conditions thin films deposited on a substrate were able to accommodate plastic strains prior to 
failure and result in more efficient conversion of SP to MC.   
4.2. Spiropyran functionalized surfaces 
 Though spiropyran has been incorporated into various bulk polymers (Section 1.1.2.), 
and polymer films (Section 4.1.), recent interest in molecular scale probes has motivated the 
study of spiropyran molecular layers.  Klajn provides a recent review of the synthesis, switching 
conditions, and use of dynamic materials in which spiropyran has been attached to the surfaces 
of polymers, biomacromolecules, inorganic nanoparticles, and solid surfaces [9].  For example, 
on solid surfaces, photoswitching of SP has been used to control wettability [10-17], binding [18-
21], and electrochemical properties [22-24].  UV excitation of spiropyran-functionalized surfaces 
is of particular interest in this work.  Ivashenko et al. has characterized the UV activation of 
spiropyran molecular layers with a thiol functionality adsorbed onto an Au surface by XPS, 
UV/vis absorption, and surface-enhanced Raman scattering (SERS) [25].  Upon irradiation with 
UV light, the conversion of spiropyran to the merocyanine form resulted in the appearance of an 
N+ contribution in the N 1s region of the XPS spectrum, the characteristic absorption band of the 
MC form at 555 nm, and the C-O stretching band in the SERS spectrum.  Rosario et al. 
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characterized the UV-activation of SP to MC by measuring the change in water contact angle 
after irradiation shown in Figure 4.6 [17]. The change from the open to closed form decreased 
the water contact angle by about 13 degrees.  Kingsbury demonstrated mechanical activation of 
SP at the interface between glass fibers and a polymer matrix by loading the interface via a 
single fiber microbond test protocol [26].  The activation of SP was monitored using 
fluorescence spectroscopy. 
 
 
Figure 4.6: (a) examples of water drops on a spiropyran-coated substrate after 
visible and UV light irradiation. (b) Light-induced change in water contact angle 
(the broken line represents a control surface with SAM modification only) [17]. 
 
 The spectra presented by Ivaskenko and contact angle modulation reported by Rosario 
are evidence that spiropyran molecules underwent the transformation into merocyanine form but 
these reports lack evidence that only a single monolayer is present on the surface.  In this section, 
the characterization of spiropyran-functionalized surfaces is presented with a focus on single 
monolayers.  In this chapter, the self-assembly of two interfacial spiropyran species on SAM-
functionalized surfaces is evaluated as well as the UV activation of these spiropyran-
functionalized specimens.  The information gained from this study provides the platform for 
integrating single monolayers of self-assembling mechanophores at interfaces. 
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4.2.1. Surface functionalization 
 Surface functionalization was accomplished in a molecular layer by layer process.  First, 
substrates were functionalized with two self-assembled monolayers: t-butyldiphenylsilane 
(TBDS) and 3-aminopropyltriethoxysilane (APS), followed by active or monofunctional SP 
(Figure 4.7).  The active interfacial spiropyran includes an acrylate group whereas the 
monofunctional interfacial spiropyran does not.  The acrylate group provides an attachment 
functionality for linking to polymer films.  The self-assembly process yields a surface where the 
amine SAMs serve as a platform for spiropyran attachment as shown in Figure 4.8. 
 
 
 
(a) (b) 
Figure 4.7: Chemical structure of interfacial spiropyran (a) active and (b) 
monofunctional species. 
 
 Glass and silicon substrates were cleaned in piranha solution (3 H2SO4 : 1 H2O2 by 
volume) at 120 °C for 60 min to remove any organic material from the substrate surface.  The 
substrates were then rinsed with copious amounts of water, dried under a stream of air, and 
further dried in an oven at 140 °C for at least 5 min.  Substrates were immersed into 10 mM 
solution of TBDS in 20 mL of Toluene for 30 min then rinsed with toluene only and dried at 
140 °C for 30 min.  Substrates were then immersed into a 10 mM solution of APS in 20 mL of 
toluene for 30 min then rinsed with toluene followed by deionized water and dried at 140 °C for 
30 min.  The surface was designed to include TBDS groups in order to reduce the coverage of 
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spiropyran molecules.  This design was hypothesized to lead to a less restrictive geometry so that 
UV-induced activation could take place with minimal steric hindrance due to neighboring 
spiropyran interaction [17].  The SAM-modified substrates were then immersed in a 1 mM 
solution of spiropyran in 10 mL of ethanol and 0.2 g of carbodiimide (1-ethyl-3-(3- 
dimethyleaminopropyl)carbodiimide (EDC)).  
 
 
Figure 4.8: Schematic of self-assembly of interfacial spiropyran on an 
amine-functionalized substrate.  An amide bond is formed between the 
spiropyran and amine-terminated monolayer using EDC as the 
carboxyl activating agent. 
 
4.2.2. Surface characterization of interfacial spiropyran 
 In this section, measurements to evaluate the ability of interfacial spiropyran molecules to 
self-assemble on amine-terminated SAMs is presented.  Atomic force microscopy and 
ellipsometry were used to obtain surface height information and molecular layer thickness 
respectively.  Monolayer thickness was characterized using a single-wavelength (633 nm) 
ellipsometer (Gaertner L116C).  Because of the similarity in the refractive index of SiO2 and 
alkyl SAMs, ellipsometry could not be conducted directly on glass substrates.  Thus, for 
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ellipsometric measurements, SAMs were concurrently deposited on silicon substrates in the same 
reaction vessel.  A refractive index of 1.5 was used for the molecular layers, and substrate 
parameters were used from ellipsometric measurements of bare silicon from the same wafer.  
Ellipsometric measurements were taken at three locations on the functionalized surface, where 
three measurements were repeated in each location to ensure uniformity.  Measurements were 
taken after functionalization with APS and after SP functionalization.  An estimate of the SP 
monolayer thickness (7-8 Å) was made from subtracting the APS layer thickness from the total 
thickness measurement after SP functionalization.  Ellipsometric measurements for molecular 
functionalization are summarized in Figure 4.9.  Functionalization with APS and APS+TBDS 
resulted in a molecular layer on the order of 5 Å and 3 Å, respectively.  After SP 
functionalization, the total layer thickness was 11-12 Å. 
 
 
Figure 4.9: Ellipsometric measurements for molecular layer 
thickness for each functionalization.  Diagonal lines indicate a 
surface with both TBDS and APS 
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 AFM was conducted in tapping mode using a Cypher AFM system (Asylum Research) to 
provide surface height information, from which a surface roughness, the root mean square from 
average (RMS), was calculated.  AFM scans on at least three different locations were performed 
on functionalized surfaces with a typical window of 1 x 1 μm at a scan rate less than 3 Hz.  The 
average surface roughness for each functionalization on silicon substrates are reported in Figure 
4.10.  AFM on a well-formed monolayer resulted in an RMS roughness between 1.3-1.7 Å.  On 
average, surfaces with active SP and monofunctional SP each had an RMS of 1.8 Å.  Spiorpyran 
functionalization did not drastically alter the surface roughness of SAM only functionalization.  
There was a slight reduction in the surface roughness of functionalized APS+TBDS layers than 
functionalized APS only layers. 
 
Figure 4.10: AFM surface roughness of functionalized silicon 
surfaces.  Diagonal lines indicate a surface with both TBDS and 
APS.  Purple bars indicate a SP-functionalized surface. 
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4.2.3. Activation of spiropyran functionalized surfaces 
 The activation of spiropyran-functionalized surfaces due to UV irradiation was 
characterized using two methods: water contact angle goniometry and fluorescence spectroscopy.  
Water contact angle measurements were taken after exposure to green light to ensure spiropyran 
was in the closed form and after exposure to UV light to activate SP into the open or MC form.  
Specimens were exposed to green light (Edmund Optics NT66-849: High Intensity LED 
Spotlight, Constant, 530nm) for 10 min, after which contact angle measurements were preformed.  
Specimens were then irradiated with a UV lamp (Black-Ray Longwave Ultraviolet Lamp Model 
B 100AP) for 10 min at an intensity > 2 mW/cm2.  The intensity of the UV lamp was measured 
using a digital UV meter (General Tool UV513AB Digital UVAB Meter for Ultraviolet Light 
Measurement).  Advancing contact angles were measured by the sessile drop technique.  The 
functionalized substrates were placed on a support stage and a 5 μL drop of deionized water was 
then carefully placed on previously unwetted portions of the surface using a syringe pump.  The 
image of the drop on the surface was captured within 5 seconds of drop deposition in order to 
minimize error due to evaporation.  The drop was observed using a Micropublisher digital color 
camera interfaced to a computer with LabVIEW (National Instruments).  The contact angle 
measurement is repeated for multiple drops on the same surface.  The change in water contact 
angle due to UV irradiation was measured for all samples and is included in Figure 4.11 for 
silicon substrates and Figure 4.12 for glass substrates. 
 Control samples consisting of SAM functionality only (no SP) on both silicon and glass 
showed no change in water contact angle after UV irradiation.  A decreased in water contact 
angle was observed for SP functionalized silicon surfaces after UV irradiation for specimens 
prepared with APS and TBDS.  UV irradiation of Si/APS+TBDS/active SP surfaces decreased 
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the water contact angle by 12 degrees whereas UV irradiation of Si/APS+TBDS/mono SP 
surfaces decreased the water contact angle by 6 degrees.  However, Si/APS only/active SP and 
Si/APS only/mono SP specimens did not decrease in water contact angle due to UV irradiation. 
 
 
Figure 4.11: Average water contact angle measured on functionalized 
silicon surfaces after green light (closed SP form) and after UV 
irradiation (open MC form). Diagonal lines indicate a surface with both 
TBDS and APS. 
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Figure 4.12: Average water contact angle measured on functionalized 
glass surfaces after green light (closed SP form) and after UV irradiation 
(open MC form). Diagonal lines indicate a surface with both TBDS and 
APS. 
 
 Water contact angles were overall lower for functionalized glass substrates when 
compared with the same functionalization on silicon.  Spiropyran functionalized 
glass/APS+TBDS surfaces showed almost no decrease in water contact angle after UV 
irradiation (1 and 2 degrees for glass/APS+TBDS/active SP and glass/APS+TBDS/mono SP 
respectively).  The water contact angle did not change after activation of active interfacial SP on 
glass/APS surfaces.  However, a decrease of 5 degrees in water contact angle was measured for 
monofunctional interfacial spiropyran on glass/APS surfaces.  Water contact angle goniometry 
was sensitive to surface roughness and a difference in activation between functionalized glass 
and silicon was observed.  An additional method to characterize UV activation of functionalized 
surfaces was necessary to more precisely quantify the difference in the amount of activation 
between specimens. 
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 The second method for characterizing activation was fluorescence spectroscopy via a 
Horiba LabRAM HR Raman spectroscopy imaging system.  Fluorescence spectra were recorded 
from UV irradiation on bare substrates, substrate/SAMs and substrate/SAM/SP specimens, and 
the closing of the substrate/SAM/SP specimens with a 532 nm laser.  Activation of SP molecules 
was indicated by a peak in the fluorescence signal emerging around 600 nm. 
 In order to compare the use of TBDS on the substrate surface to decrease the density of 
the SP molecules, the UV activated fluorescence spectra of spiropyran functionalized substrates 
with an APS+TBDS SAM platform were compared with specimens functionalized with an APS 
only SAM platform.  The fluorescence signal from functionalized silicon substrates are included 
in Figure 4.13 and the fluorescence signal from functionalized glass substrates are included in 
Figure 4.14. Signals from monofunctional interfacial spiropyran and active interfacial spiropyran 
are also compared.  There was a slight decrease in the amount of fluorescence when substrates 
were functionalized with APS only (without TBDS) for both active interfacial spiropyran and 
monofunctional interfacial spiropyran.  Similar to Kingsbury, the fluorescence peaks were higher 
for monofunctional interfacial spiropyran [26]. 	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(a) (b) 
  
(c) (d) 
Figure 4.13: Fluorescence signal from UV activated bare silicon, UV activated SAM only, UV activated 
SP, and closed SP for (a) active interfacial SP on APS+TBDS silicon, (b) active interfacial SP on APS 
silicon, (c) monofunctional interfacial SP on APS+TBDS silicon, and (d) monofunctional interfacial SP 
on APS silicon. 
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(a) (b) 
  
(c) (d) 
Figure 4.14: Fluorescence signal from UV activated bare glass, UV activated SAM only, UV activated 
SP, and closed SP for (a) active interfacial SP on APS+TBDS glass, (b) active interfacial SP on APS 
glass, (c) monofunctional interfacial SP on APS+TBDS glass, and (d) monofunctional interfacial SP on 
APS glass. 
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4.2.4. Discussion 
 The functionalization of silicon and glass substrates with single monolayers of two 
species of spiropyran mechanophores was accomplished by a successive self-assembly processes.  
Substrates were first functionalized with an amine-terminated SAM and then with interfacial 
spiropyran. The increase in specimen thickness was confirmed by ellipsometry.  Furthermore, 
the relatively smooth functionalized surfaces confirmed by AFM provide evidence that a single 
monolayer has formed. 
 An increase in the reactivity of SP functionalized surfaces was measured when the SAM 
platform included TBDS to reduce the coverage of SP.  A similar result was reported by Rosario, 
who observed greater reactivity (larger contact angle difference after UV irradiation) when the 
SP coverage was reduced [17].  However, the UV activation of spiropyran-functionalized 
substrates resulted in smaller changes in water contact angle than observed by Rosario.  In 
addition to water contact angle to measure the reactivity of SP-functionalized substrates, 
fluorescence spectroscopy measurements were performed.  Again, the reactivity was slightly 
greater when SP coverage was reduced.  Overall, the monofunctional interfacial spiropyran was 
more reactive to UV irradiation than active interfacial spiropyran, similar to the measurements of 
Kingsbury [26]. 
4.3. Conclusions 
 Test results for thin films of SP-linked polystyrene demonstrated that mechanochemical 
reactions in polymer films can occur on very short time scales, approaching that observed in 
sonication-induced activation of mechanophore-linked polymer solutions [27].  Moreover, 
mechanophores designed specifically for activation under high energy, high strain rate shock 
loading could lead to useful functional responses under extreme conditions.  The investigation of 
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single monolayers of SP functionalized onto amine-terminated surfaces exhibited the ability to 
activate under UV excitation.  The levels of fluorescence were low overall, however, a greater 
fluorescence signal was generated by the UV excitation of monofunctional interfacial spiropyran 
than active interfacial spiropyran.  Future work using SP molecules as a platform for other 
molecules, materials, or films should address steric hindrance due to neighboring SP molecules.  
Additionally, side groups off the SP molecule were found to influence the photo-induced 
activation and would need to be characterized for each new species. 
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Chapter 5 Dissertation summary 
The ability to tailor interfacial properties such as adhesion, wettability, and 
photosensitivity at the molecular level was examined.  The tailoring of interfacial properties was 
shown for three thin film on substrate systems: photodefinable polyimide films on passivated 
silicon substrates, self-assembled monolayers at the interface of Au films and dielectric 
substrates, and mechanochemically active materials on rigid substrates.  The laser spallation 
technique was adapted to measure interfacial adhesion for all three systems.  In all cases, 
changes in interfacial chemistry led to improved adhesion and thin film performance. 
First, the influence of different cure cycles and UV-exposure on the adhesion between a 
photodefinable polyimide and silicon substrates with three different passivation layers: silicon 
nitride, silicon oxynitride, and the native silicon oxide was determined.  The tensile strength of 
the thin film interface was measured by a laser spallation technique that dynamically loads the 
thin film interface in a precise, non-contacting manner with a high-amplitude laser-generated 
stress wave.  Comparison of interfacial strength associated with cure cycle and UV-exposure 
indicated increased interfacial strength when films were processed with the exposure step as well 
as a longer cure cycle.  Additionally, the interfacial fracture energy was assessed using a 
dynamic delamination protocol.  The high toughness of this interface (ca. 100 J/m2) makes it 
difficult to use more conventional interfacial fracture testing techniques. 
Next, the adhesion of a SAM-mediated interface between transfer-printed Au films and a 
fused silica substrate was measured by a laser spallation technique. Different SAM termination 
chemistries of amine, methyl, bromine, thiol and mixed monolayers were investigated.  
Specimens were tested at increasing laser fluence, which corresponded to increasing interface 
stress.  Interfacial failure was statistical in nature and fit well to a Weibull distribution.  Thiol-
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terminated SAMs led to the strongest interface, while both the amine- and methyl-terminated 
SAMs resulted in the weakest interfacial strength.  Interestingly, the interface strength of 
specimens with bromine-terminated SAMs was midway between that of the methyl and thiol 
SAMs.  The use of mixed monolayers provided a more systematic way to vary interfacial 
strength.  In addition to the chemical functionality of the SAM, surface roughness of the 
underlying substrate also had a significant impact on the interfacial strength.  Failed interfaces 
were probed for chemical composition using x-ray photoelectron spectroscopy. Both 11-
mercapto-undecyltrimethoxysilanes and 11-bromo-undecyltrimethoxysilane SAMs experienced 
local molecular failure during laser spallation testing. 
 Finally, mechanochemically active thin film materials were subjected to high strain 
loading.  Mechanochemically induced fluorescence was observed in glassy SP-linked 
polystyrene thin films.  Activation of SP via fluorescence microscopy occurred after a stress 
threshold of approximately 180 MPa, corresponding to a strain of 7%.  Increased stress levels led 
to higher intensity of fluorescence until reaching saturation.  Interestingly, bulk specimens tested 
at slow strain rates showed no evidence of activation via fluorescence microscopy, even at 
failure strains of approximately 8%.  Under these loading conditions thin films deposited on a 
substrate were able to accommodate plastic strains prior to failure and result in more efficient 
conversion of SP to MC.  The testing of thin films demonstrated that mechanochemical reactions 
in polymer films can occur on very short time scales, approaching that observed in sonication-
induced activation of mechanophore-linked polymer solutions.  Moreover, mechanophores 
designed specifically for activation under high energy, high strain rate shock loading could lead 
to useful functional responses under extreme conditions 
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 In addition to SP-linked polymer films, the UV-induced activation of spiropyran 
interfacial molecules with different side groups was demonstrated by fluorescence spectroscopy 
and water contact angle goniometry.  The surface of SP functionalized substrates was 
characterized by ellipsometry and AFM.  SP functionalization did not significantly increase the 
surface roughness of the underlying SAM platform. UV-induced activation of interfacial 
spiropyran molecules demonstrated that side groups off the SP molecule affect the reactivity and 
that the proximity of neighboring spiropyrans can prevent efficient mobility. 	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Chapter 6 Exploratory work and future directions 
6.1. Spallation patterning of polyimide films 
 For photodefineable polyimides, direct lithography has simplified many of the steps 
involved in patterning features.  In the event that patterned films with steep side walls are needed, 
a laser based method has been developed to pattern features as small as 50 μm without 
subsurface delamination by first patterning Au features into the desired shape and using laser-
induced stress waves to spall Au features and overlying polyimide layer. 
 As discussed previously (Section 2.3.4.), Au films served as weak-adhesion regions for 
the dynamic delamination of polyimide strips.  This section describes the spallation induced 
patterning of blanket polyimide films due to patterned Au weak adhesion layers underneath.  
First, Au features are patterned onto a silicon substrate and coated with a polyimide film as 
shown schematically in Figure 6.1 a-b.  Because of the weak bonding between the patterned Au 
film and the silicon substrate, the laser-induced stress wave delaminates the polyimide film in the 
same shape as the Au film shown schematically in Figure 6.1 c-d.  Since this polyimide also 
serves as a photoresist, the same lithography mask used to define the Au features was also used 
to pattern the polyimide directly.  A comparison of side-wall profiles between direct lithography 
and spallation is provided. 
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(a) (b) 
  
(c) (d) 
Figure 6.1: (a) Side view and (b) top view schematics of a polyimide film over patterned gold 
features on a silicon substrate as well as a (c) side view and (d) top view of patterned features 
within polyimide. 
 
6.1.1. Fabrication procedure 
 Blanket polyimide (HD 4100) film specimens over patterned Au features, shown 
schematically in Figure 6.1a-b, were prepared for laser spallation testing.  Polyimide films were 
deposited on single crystal silicon (100) substrates.  Substrates were degreased using acetone, 
isopropyl alcohol and deionized water.  Photoresist (AZ 5214 E) was then spun cast on the 
substrate at 3000 rpm for 300 s (3000 rpm/s ramp rate).  The specimens were then subjected to a 
soft bake at 110 °C for 60 s.  A photolithography mask of desired feature geometry was aligned 
and the specimens were exposed to 365 nm wavelength light using a MJB-3 Karl Suss mask 
aligner for 3 s at 8.5 mJ/cm2.  Next, samples underwent an image reversal bake at 125 °C for 2 
min.  A flood exposure was then applied at constant power for 10 s.  The patterns were then 
developed for 35-40 s in a solution of AZ 351 and DI water at 1: 4 parts concentration.  An 
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additional bake at 110 °C for 3 min was applied to harden the photoresist patterns prior to Au 
deposition.  Au films of 150 nm thickness were deposited using electron beam evaporation onto 
the photoresist-patterened substrates.  The lift-off of the photoresist and excess Au was 
accomplished using N-methyl-pyrrolidone (NMP).  A schematic of this process to pattern high-
fidelity Au films using photolithography is shown in Figure 6.2. 
 
 
Figure 6.2:  Step by step fabrication process 
for obtaining patterned Au features with high 
fidelity. 
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 The process cycle for blanket polyimide films, discussed in Chapter 2, was not altered for 
these experiments.  The substrates were degreased using acetone, isopropyl alcohol, deionized 
water and blown dry with nitrogen and baked at 120 °C for 2 min.  HD4100 polyimide was spun 
using a two-step spin cycle, first at 1000 rpm for 10 s then increased to 3000 rpm for 30 s with a 
ramp of 300 rpm/s.  Some specimens were spun at 6000 rpm to decrease polyimide thickness.  
Samples were then subjected to a soft bake at 95 °C for 5 min. Since this polyimide serves as a 
negative tone photoresist, the specimen were exposed to 365 nm wavelength light using a MJB-3 
Karl Suss mask aligner for 10 s at 8.5 mJ/cm2.  Samples were then cured in an argon 
environment (O2< 5 ppm) following cure cycle I. Cure cycle I was consistent with the 
manufacturer’s suggested cure cycle.  After curing, the final polyimide film thickness was ca. 6 
μm for polyimide spun at a lower spin speed (3000 rpm) and 3 μm for the higher spin speed 
(6000 rpm).  On the backside of the sample, a 400 nm thick aluminum (Al) absorbing layer was 
electron-beam deposited followed by spin coating 7 μm of a sodium silicate confining layer.  
 Specimens for direct lithography were prepared by using the same lithography mask as 
indicated in Step 1 of Figure 6.2 to pattern the same features into the polyimide film.  Polyimide 
was deposited onto a degreased substrate using the same spin cycle and soft bake parameters 
described above.  Samples were irradiated using a MJB-3 Karl Suss mask aligner for 10 s at 8.5 
mJ/cm2.  After exposure, samples were baked on a hot plate at 100 °C for 50 s.  A double puddle 
development method was used to remove the un-crosslinked polyimide.  Developer (PA-401D 
HD Microsystems) was first dispensed onto the sample, allowed to puddle for a specific time and 
then was spun off.  The recipe included alternating steps of developer and rinse (PA-400R HD 
Microsystems) as described in Table 2.2.  A speed of 600 rpm was satisfactory for achieving spin 
off after each step.  As a final drying step, specimens were spun at a speed of 3000 rpm for 15 s.  
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After the polyimide patterns were fully defined through the development process, samples were 
cured in an argon glove box following cure cycle I. 
6.1.2. Spallation experiments 
 Polyimide specimens were loaded using the laser spallation test method (Figure 1.6).  A 
rapid, high-amplitude acoustic wave was initiated by the impingement of an Nd:YAG pulsed 
laser (New Wave Tempest) on the aluminum energy absorbing layer on the back surface of the 
specimen.  The confinement of a sodium silicate (waterglass) layer caused rapid expansion of Al 
generating an acoustic wave that propagated through the substrate in compression.  After 
reflection at the thin film free surface, the wave loaded the thin film-substrate interface in tension.  
Because of the weak adhesion, the Au film and the overlying polyimide were dynamically 
spalled off the substrate surface creating a pattern in the polyimide film in the same shape as the 
Au feature. Figure 6.3 shows representative before and after images for specimens with Au 
features in rings of varying thickness and size, dumbbell shapes, and rectangles with different 
aspect ratios.  In some cases, the entire pattern was not spalled as seen in Figure 6.3 d,f,h.  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
  
(g) (h) 
Figure 6.3:  Optical images before (left column) and after (right column) 
loading of blanket polyimide specimens with patterned Au features: (a-b) 
large rings, (c-d) small rings, (e-f) dumbbells (g-h) lines and rectangles.  
Scale bars are 200 μm. 
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 The chosen Nd:YAG spot size for these experiments was set at 2.0 mm and was 
significantly larger than the patterns shown in Figure 6.3 and 6.4.  Patterns that did not spall off 
the surface indicate that a “hot spot” within the Nd:YAG laser puslse leading to a non-uniform 
stress pulse [1].  The non-uniform loading becomes increasingly apparent as the feature sizes 
become smaller.  As shown in Figure 6.4 (double the magnification of Figure 6.3), where the 
feature sizes are on the order of 50 nm, the area of spalled patterns is much smaller than the 
Nd:YAG spot size of 2.0 mm. 
 
  
(a) (b) 
Figure 6.4: Optical images (a) before spallation and (b) after spallation 
of small circles, ellipsoids, squares, and rounded rectangles.  Spalled 
features are emphasized by a white trace.  Scale bars are 200 μm. 
 
6.1.3. Side-wall slope comparison 
 After spallation, AFM was used to probe the side-wall profiles of the spalled polyimide 
films.  The slope of patterned features in polyimide films has been a concern for the 
microelectronics industry.  The side-wall profiles of the spalled polyimide films was compared to 
side-wall profiles of a polyimide film that was directly patterned using lithography (Figure 6.5).  
In Figure 6.6, two specimens of varying thickness (3 μm and 6 μm) were patterned via laser 
spallation and compared to four specimens patterned via direct lithography using the 
photodefinability of the polyimide. 
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(a) (b) 
  
(c) (d) 
Figure 6.5: Patterning of different size scale features within a polyimide 
film by direct lithography.  Scale bars are 200 μm. 
 
  
(a) (b) 
Figure 6.6:  (a) Optical image of a patterned feature in a 6 μm polyimide film by direct 
lithography. (b) AFM side-wall profiles of patterned polyimide features by spallation (blue 
circles) and by direct lithography (green squares). 
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 The side-wall profiles shown in Figure 6.6 indicate sharper patterns for spallation 
patterning when compared with direct lithography.  For direct lithography, the side-wall profiles 
have a more gradual slope down into the feature with a significant “crown” and an extended 
“foot” section.  Spallation induced features resulted in steeper side wall profiles, almost no 
crown and a very short foot. 
6.1.4. Discussion 
 Exploratory work with patterning polyimide films via laser spallation indicated a 
different morphology in side-wall profiles of patterned features.  Spallation patterned features 
had steeper side-wall slopes, no crown and a significantly reduced foot when compared to 
features patterned with direct lithography.  Features as small as 50 μm could be patterned via the 
laser spallation technique.  Future work with spallation patterning of polymer films should 
include optimization of Nd:YAG spot size and the size of spalled features to improve the 
viability of this technique. 
6.2. Shockwave loading of energy absorbing materials 
6.2.1. Introduction 
 Shockwave and blast loading can be devastating to surrounding structures and persons.  
Traumatic brain injury (TBI) as a result of blasts is one consequence of inadequate protection 
currently available for persons in the line of fire.  One technique to shield personnel from blasts 
is to provide equipment with protective coatings that dissipate shockwaves.  Materials such as 
polyurea have been recently investigated for the ability to dissipate energy and reduce risks of 
blasts [2].  Polyurea provides a dissipating mechanism due to the breaking of hydrogen bonds, 
which have a bond energy of 4-13 kJ/mol [3].  Covalent bond energy is in the range of 200-800 
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kJ/mol and presents significant promise over polyurea to dissipate energy [4].  Novel materials 
designed to capitalize on the greater bond energy available from covalent bonds have the 
theoretical capacity to dissipate large shockwaves by opening up chemical pathways under 
extreme pressures [5,6].  For example, the aromatic to non-aromatic transformation found in 
cyclophane macromolecules take advantage of rearranging the carbon-carbon bond resulting in 
an enthalpy reduction of 161 kJ/mol [7].  Other potential candidates for shockwave reduction are 
Metal Organic Frameworks (MOFs), which are comprised of organic units bonded to metal 
atoms or clusters such as zinc oxide (Zn4O4) [8].  MOFs have the capability to collapse upon 
compressive loading with a theoretical volume change dependent on pore size and lattice 
structure.  Graham et al. reported a relationship between volume collapse and magnitude of 
compressive loading up to 3.2 GPa [9].  The volume collapse of MOF materials and the chemical 
restructuring of macromolecules under compressive loading are two promising candidates for 
shockwave energy dissipation.  In order to understand the pressure-driven chemical responses of 
novel materials, a test must be developed to apply large magnitude compressive stresses in thin 
films of material at high strain rates in short time periods.  
 Laser-induced stress waves are an ideal way to impart large magnitude compressive 
waves at very high strain rates in a directed, controlled manner.  The laser-spallation technique 
has been able to produce compressive shock waves on the order of GPa with strain rates as high 
as 108 s-1 in various thin film on substrate materials [10-13].  In this section, an adaptation of this 
technique and a sample fabrication protocol is presented such that the dissipative properties of 
new materials can be evaluated subject to laser-induced shockwaves. 
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6.2.2. Materials 
 Specimens for shockwave loading of energy dissipating (SWED) materials were prepared 
by confining the SWED material between two rigid substrates as shown in Figure 6.7.  Glass 
substrates were degreased and cleaned using a piranha solution of 3:1 parts sulfuric acid to 
hydrogen peroxide.  SWED material was applied to a glass slide followed by an optical adhesive 
(NOA 86 H) and capped with another glass slide.  For preliminary tests, silica microbeads were 
investigated as a SWED material.  Silica microbeads (45-70 μm diameter) were dispersed into an 
adhesive coated glass substrate and then another glass substrate with adhesive was applied.  
Control samples consisted of adhesive only between two glass slides.  To create adhesive only 
control samples with an identical thickness, silica beads were applied only at the corners and not 
within loaded regions.  To prepare the samples for stress wave generation, thin reflective layers 
of Al (200 nm and 400 nm, front and back respectively) were deposited using an electron beam 
evaporator.  Lastly, a thin layer of aqueous sodium silicate (7 μm) was spuncast on the back side 
facing the Nd:YAG laser pulse impingement. 
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(a) (b) 
Figure 6.7:  Schematic of shockwave testing structures with (a) dispersed silica spheres in 
optical adhesive film and (b) silica spheres at the corners of optical adhesive film. 
 
 
 
Figure 6.8: In order to image the SWED films, specimens are cleaved and placed under 
SEM as shown in (a).  SEM images are shown for (b) optical adhesive films with silica 
spheres at the corners only and (c) optical adhesive films with dispersed silica spheres. 
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 Thickness of SWED specimens were monitored using Scanning Electron Microscopy 
(SEM) by cleaving specimens and imaging the cross section as shown in Figure 6.8.  The 
thicknesses of the optical adhesive layer only and the optical adhesive layer with dispersed 
spheres were 100 μm.  In order to compare the energy dissipative characteristics between control 
specimens and active specimens, the thicknesses must be the same.  Control over SWED 
material thickness between two rigid substrates will be a critical challenge for future work with 
sandwich-like test specimens. 
6.2.3. Experimental method 
 The set up for loading SWED materials is similar to the laser spallation technique 
described in Chapter 1.  Instead of using the tensile wave after reflection off a film free surface, 
the compressive pulse generated upon Nd:YAG pulse impingement is maximized to load the 
SWED test coating between two substrates as shown in Figure 6.9.  The temporal displacement 
of the second substrate is measured using a Michelson interferometer.  The Nd:YAG spot size 
was set at 2.0 mm for these experiments, and the laser fluence was incremented by adjusting the 
laser energy via an attenuation controller.  The fluence range for these tests was conservative: 
20-40 mJ/mm2.  The maximum fluence for this set up given the smallest laser diameter (ca. 0.8 
mm) and highest attenuation setting (180 mJ pulse) is ca. 350 mJ/mm2. 
 
Figure 6.9: Modified laser spallation technique set up. 
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6.2.4. Preliminary results 
 The surface displacement of specimens prepared with optical adhesive only and optical 
adhesive with dispersed silica spheres was captured by recording the interference pattern from a 
Michelson interferometer with a photodetector connected to a high rate oscilloscope (40 GHz) 
and using Eq. 1.1-1.2 as discussed in Chapter 1.  Surface velocity profiles were calculated from 
the temporal displacement and the peak velocity was reported.  Figure 6.10a includes four 
velocity profiles for specimens with optical adhesive as the test film and two velocity profiles are 
included for specimens with dispersed silica spheres in optical adhesive tested at a laser fluence 
of 30.2 mJ/mm2.  Figure 6.10b includes the average peak velocity recorded for both specimen 
types at three laser fluences: 22.6 mJ/mm2, 30.2 mJ/mm2, and 37.7 mJ/mm2. 
 
  
(a) (b) 
Figure 6.10: (a) Surface velocity profiles for specimens tested with optical adhesive only and with 
adhesive plus dispersed silica spheres at a fluence of 30.2 mJ/mm2 and (b) average peak surface velocity 
at three fluences: 22.6, 30.2, and 37.7 mJ/mm2. 
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 The shape of the velocity profiles for the two specimen types are different.  Test films 
that included the dispersed silica spheres resulted in an elongated velocity profile over 17-22 ns, 
whereas test films unobstructed by silica spheres resulted in shorter velocity profiles over 11-15 
ns.  At each laser laser fluence, the peak velocity was much greater in the test films without 
dispersed silica spheres.  The difference in peak velocity between the two sample types was 40-
60 m/s for each fluence as indicated in Figure 6.10b. 
6.2.5. Discussion 
 A testing protocol for applying high amplitude shock waves on SWED materials 
sequestered between two rigid substrates was developed by modifying the laser spallation 
technique.  Preliminary experiments with 100 μm optical adhesive films indicated that when 
silica spheres (45-70 μm diameter) are dispersed into the adhesive, the surface velocity due to a 
shock wave is reduced.  The test protocol will be valuable for future work with new SWED 
materials to evaluate the energy dissipative properties.  The difference in surface velocity in 
addition to wave mechanics to calculate the stress wave in the test film will determine the ability 
of the film to reduce the amplitude of shockwaves and serve as a protective coating. 
6.3. Future SAM-Au interface adhesion studies 
 Presented in this section are some promising techniques for measurement of the 
interfacial fracture toughness between SAM-functionalized surfaces and Au films.  The 
advantages and disadvantages of each proposed technique are discussed for characterizing SAM-
modified interfaces.  The limitations, ease of implementation, and predicated challenges are also 
considered. 
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6.3.1. Four-point bend 
 Symmetric four-point bending of notched and pre-cracked rectangular beams has long 
been used as a common test method for determining the tensile fracture toughness of 
homogeneous materials [14].  By modifying the geometry of the test material, the four-point 
bend testing configuration can be used to impose interface delamination in layered material.  For 
example, fracture properties of multi-layer stacks containing SiO2 interlayers, TiN, Ti, and Al-Cu 
on passivated silicon have been characterized using a notched four-point bend method [15]. 
 In the four-point bend experiment, the film of interest is sandwiched between two 
substrates (e.g., silicon, glass) to prevent stress relaxation and deformation during the interfacial 
debonding process.  The two substrates are typically bonded together by an epoxy layer (Figure 
6.11).  A central notch is introduced on the top substrate to serve as a pre-crack, inducing a stress 
concentration that will drive crack propagation to the nearest weak interface.  The specimens are 
then subjected to a symmetric four-point bend loading at a slow, controlled rate.  Once the crack 
propagates through the thickness of the substrate leading to a sharp drop in the load displacement 
curve, the crack grows steadily along the interface of interest (Figure 6.12) [16].  For a specimen 
made of identical substrate material and assuming that the interfacial debond length is much 
greater than the thickness hs  of the substrate, the value of the interfacial fracture toughness Gc  
is given by [17], 
, (6.1) 
where M = PL / 2W  is the bending moment per unit width, Es  is the elastic modulus of the 
substrate, ! s , Poisson’s ratio, P , the critical force measured in the plateau region, L , defines 
the pin spacing and W  is the specimen width (Figure 6.11). 
Gc =
21(1!" s2 )M 2
4Eshs3
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Figure 6.11: Schematic of four-point bend geometry with SAM-
functionalized silicon, Au films, and an epoxy layer. 
 
 
 
 
Figure 6.12: Schematic representing load-displacement curve during a 
four-point bend test, the interfacial fracture energy is calculated based 
on the load value measured within the plateau region. 
 
	   125 
6.3.2. Superlayer test 
 The superlayer test has been used to obtain measurements of the fracture energy of 
bimaterial interfaces such as epoxy strips on SAM-functionalized substrates [18], copper-silica 
interfaces [19], and titanium-silicon interfaces [20,21], among other material interfaces [22,23].  
The measurement is achieved by depositing residually stressed upper or super layers that drive 
the interface decohesion process causing separations along the desired interface that arrest, as 
shown in Figure 6.13a for epoxy strips on SAM-functionalized substrates [18].  By knowing the 
final curvature (a function of the residual stress in the upper layer), the location of the arrested 
crack front, and material properties, the interfacial facture energy can be calculated (Figure 
6.13b).  The interfacial fracture energy, ! i , is related by the following [18],  
, (6.2) 
 
where µ1  and h1 are the film shear modulus and thickness respectively, E3 and !3  are the 
superlayer Young’s modulus and Poisson’s ratio respectively, b  is the longitudinal length of the 
bonded ligament, and ! is the residual tension in the superlayer. 
  
(a) (b) 
Figure 6.13: (a) Debonded epoxy strips by the superlayer test 
method [18]. (b) Superlayer test method configuration. 
! i =
µ1
2h1
(1"#32 )$b2
2E3
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 Only modest alterations to the Zhuk et al. protocol is necessary in order to adapt this 
method for use with Au films on SAM-functionalized substrates.  A summary of fabrication 
steps is included in Figure 6.14.  In the first step, the silicon substrate is functionalized with the 
chosen SAM and then Au strips are transfer printed to the silicon surface.  The second step 
involves undercutting the silicon substrate, which can be done with reactive ion etching or with 
an ammonium fluoride wet etchant.  The third step applies the superlayer by electron beam 
evaporation.  Metals such as nickel and chromium have been used as superlayer materials and 
provide enough residual stress, a function of layer thickness, to drive delamination along the 
interface of interest.  The substrate is undercut so that upon subsequent metal superlayer 
deposition there is a disconnect between the superlayer metal on the Au strips and that on the 
substrate. This disconnect ensures that all of the residual strain in the superlayer is transferred 
into delaminating the Au film. 
 
Figure 6.14: Three step process to fabricate test specimens to 
measure interfacial fracture energy of SiO2/SAM/Au 
interfaces using the superlayer method. 
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 Some of the challenges associated with the superlayer test are optimizing the sample 
fabrication process, spontaneous decohesion, and measuring the delamination length.  As 
reported for polymer strips, delaminations can occur along the strip width in addition to the 
length.  Another challenge to sample fabrication is maintaining a mild temperature of the 
substrate during superlayer deposition. 
6.3.3. Dynamic delamination method 
 A strip delamination protocol has been developed in which kinetic energy imparted to a 
weak-adhesion region beneath the thin film strip is transferred into interface fracture energy 
[24,25].  The thin film strip is loaded using laser-induced stress pulses at fluences that initiate 
spallation of the weak-adhesion region.  The kinetic energy associated with spallation of the 
weak-adhesion region then drives delamination further into the strip-substrate interface.  
Assuming that all the kinetic energy (K ) present in the weakly bonded region is converted into 
the work of fracture, the interfacial fracture energy (Gc ) is calculated as 
Gc =
a0
af ! a0
K , (6.3) 
 
where a0  is the initial length of the weak-adhesion layer and af  is the final length of 
delamination.  The dynamic delamination protocol was used to measure the interfacial fracture 
energy of polyimide strips on passivated silicon with Au weak-adhesion regions (Section 2.3 and 
2.4) as well as Al strips on silicon substrates [24,25].  A test configuration for measuring the 
interface fracture energy of Au strips on SAM-functionalized substrates is shown in Figure 6.15 
where a strip of sputtered carbon serves as a weak-adhesion region. 
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Figure 6.15: Dynamic delamination schematic with carbon weak-adhesion 
region for measuring interface fracture energy for thin film strips on 
substrates. 
 
 In order to effectively adapt the dynamic delamination protocol for Au strips on SAM-
functionalized substrates, the strength of the interface must be considered.  For relatively weak 
interfaces such as Au on silicon, the length of delamination will be sufficiently large and the 
kinetic energy necessary will be reduced.  In Chapter 3, the strength of SAM-modified Au-SiO2 
interfaces was measured using the laser spallation protocol.  The stress pulses used for the 
dynamic delamination of the same structures should be of less magnitude than stress pulses that 
result in an interface stress beyond the strength of that interface.  One of the challenges 
associated with this method will be characterizing stress pulses with a sufficient magnitude that 
causes spallation of the weak-adhesion region but does not result in stresses beyond the tensile 
strength of the interface of interest.  Another challenge will be finding a suitable material to 
serve as a weak-adhesion region.  Carbon is a promising material because it has weak adhesion 
to most materials and can be sputtered through a shadow mask into desired geometries.  After the 
carbon layer is sputtered onto the surface, the substrate can be functionalized with the chosen 
SAM chemistries.  A systematic study of the effect of SAM chemistries on the carbon layer 
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should be conducted to ensure that SAM functionalization does not alter the carbon surface.  
Alignment of Au strips during transfer printing may also pose a significant challenge.  Despite 
the challenges associated with adopting the dynamic delamination protocol, the test method still 
serves as a promising option for measuring the interfacial fracture toughness dynamically.  For 
comparison under quasi-static conditions, the four-point bend method can also be employed. 
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